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ABSTRACT
Management of Garlic Mustard (Alliaria petiolata), Sahara Mustard
(Brassica tournefortii), and Elongated Mustard
(Brassica elongata) in Utah
by
Natalie L. Fronk, Master of Science
Utah State University, 2022
Major Professor: Dr. Corey V. Ransom
Department: Plants, Soils, and Climate
Invasive mustard species negatively impact a variety of ecological systems across the
state of Utah. The presence of the winter annual Sahara mustard (Brassica tournefortii) in
southwest Utah threatens desert ecosystem health in public and private lands by displacing native
species and increasing high-intensity fire potential. Garlic mustard (Alliaria petiolata), an
obligate biennial, out-competes native forest understory species in Summit County and
surrounding areas, mirroring the spread through forests in the Eastern United States. Elongated
mustard (Brassica elongata) a biennial or simple perennial mustard threatens Cache County
rangelands and agricultural systems. The distribution of these species in Utah is relatively limited
at the current time. If prompt action is taken, it may be possible to contain and manage these
species before irreparable ecological and agricultural damage occurs. For this reason, all three
mustards are listed by the State of Utah as weeds of high priority for management.
In this project, multiple strategies were tested in order to determine the most effective
management methods for invasive mustards in Utah. Field trials in populations of B. tournefortii
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compared effectiveness of postemergence and preemergence herbicide combinations, application
timings, and physical removal treatments of mature plants up to five years after initial treatment.
Field trials were also established in A. petiolata and B. elongata populations to compare
effectiveness of postemergence and preemergence herbicide combinations and application
timings up to five years after initial treatments. Greenhouse experiments functioned as extensions
of A. petiolata field experiments under controlled conditions and expanded understanding of A.
petiolata response to a range of field application rates.
Preemergence treatments of indaziflam were found to effectively control B. tournefortii
up to three years following treatment. Indaziflam was also observed to increase effectiveness of
postemergence herbicides in managing B. elongata and A. petiolata, however indaziflam alone
was not effective. Metsulfuron was particularly effective alone in the management of A. petiolata,
as was chlorsulfuron for B. elongata. Additional years of data are needed to better understand the
long-term impacts of these applications.
(128 pages)
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PUBLIC ABSTRACT
Management of Garlic Mustard (Alliaria petiolata), Sahara Mustard
(Brassica tournefortii), and Elongated Mustard
(Brassica elongata) in Utah
Natalie L. Fronk
The invasive mustard species Sahara mustard (Brassica tournefortii), garlic mustard (Alliaria
petiolata) and elongated mustard (Brassica elongata) negatively impact a variety of ecological
systems across the state of Utah. The distribution of these species in Utah is relatively limited at the
current time. If prompt action is taken, it may be possible to contain and manage these species before
irreparable ecological and agricultural damage occurs. For this reason, all three mustards are listed by
the State of Utah as weeds of high priority for management.
This project tested multiple strategies to determine effective species-specific methods for invasive
mustard management. Field and greenhouse experiments compared effectiveness of herbicide
combinations, application timings, and physical removal treatments up to five years after initial
treatment. For all field trials, final analysis examined how applications reduced cover and densities of
invasive mustards as well as the effect on desirable vegetation and long-term impacts. Results
provide managers with viable management solutions as well as information concerning unsuccessful
treatment methods, future steps, and important considerations when implementing management plans.
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CHAPTER 1
Alliaria petiolata, Brassica tournefortii, and Brassica elongata Biology and Management
Literature Review
Garlic Mustard (Alliaria petiolata)

HISTORY
Garlic mustard [Alliaria petiolata (Bieb.) Cavare & Grande], named for the plant’s
garlic-like aroma and flavor, has long been utilized by humans in its native Eurasian range. Fossil
records indicate use of A. petiolata as a flavoring agent as early as 4,000 B.C., and is
consequently one of the earliest documented spices of prehistoric Europe (Saul et al. 2013).
Alliaria petiolata has also been used medicinally, valued as an antiseptic, diuretic, diaphoretic,
expectorant, and stimulant for a range of ailments, including ulcers, scurvy, gangrene, parasitic
worms, and edema (Cavers et al. 1978, Kumarasamy et al. 2004).
It is believed that A. petiolata was intentionally introduced to North America in the 1800s
by European immigrants for culinary and medicinal purposes. The herb’s native distribution
ranges over the entire European continent and east to the northwestern edge of the Himalayas
with populations in North Africa, Asia Minor, India and Sri Lanka (Blossey et al. 2001,
Rodgers et al. 2008). However, genetic studies indicate regions in the British Isles, Northern
Europe, and Central Europe as the primary sources for multiple introductions to the North
American continent over time (Durka et al. 2005).
Alliaria petiolata was first recorded in North America on Long Island, New York in 1868
(Nuzzo, 1993). In 1948, A. petiolata was acknowledged as a difficult plant to manage in gardens
of western Canada (Cavers et al. 1978), but generally wasn’t recognized as a species of concern
in the United States until the late 1980’s (Nuzzo 1993). By 1990, it was reported in 27
midwestern and northeastern states as well as D.C., Oregon, and Utah (Anderson et al. 1996).
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Alliaria petiolata spread has increased exponentially since its identification in 1868 (Nuzzo
1993), with populations now present in 41 states (EddmapS 2022).
DISTRIBUTION AND HABITAT
Alliaria petiolata is not invasive in its native range, growing mostly in small, scattered
populations (Blossey et al. 2001). In humid climate zones A. petiolata is found in partial to full
sun along rivers, roadsides, forest edges, hedges, and in fields (Welk 2002, Rodgers 2008).
Though populations occur more frequently in areas of high humidity, the plant grows well in arid
regions such as portions of Sicily and Greece. In such areas A. petiolata flourishes in shaded,
mountainous regions on north-facing slopes (Welk et al. 2002).
North American habitat descriptions for A. petiolata are similar to those in the European
range, namely in moist soils along rivers, deciduous forest floors and edges, roadsides, trails, and
urban areas, with occasional populations in full sun (Blossey et al. 2001, Welk et al. 2002) and on
south-facing slopes (Anderson et al. 2019).
Alliaria petiolata grows well in moist, shaded soils, and growth may be associated with
calcareous soils. However, plants are found in a range of soil types and conditions. Populations
have been observed growing in sand, loam, and clay soils, on limestone and sandstone substrates,
in full sun and on dry slope peaks (Cavers et al. 1978, Nuzzo 1991, Blossey et al. 2001). Growth
is found to be poor in soils that are too acidic or poorly drained, such has peat and muck soils
(Cavers et al. 1978, Nuzzo 1991, Blossey et al. 2001).
MORPHOLOGY
Alliaria petiolata foliage may be confused with native forest understory species,
particularly in the rosette stage. However, A. petiolata can be easily identified by the garlic-like
odor emitted from crushed stems and foliage, especially early in the growing season (Blossey et
al. 2001, Cavers et al. 1978).
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Alliaria petiolata seedlings grow up to 2 cm tall with cotyledons 6 mms long and stems
as long or longer. The first true leaves have pubescent petioles, toothed margins, and are 1 to 5
cm in diameter. Seedlings grow into rosettes in the first year of growth. The leaves of the rosette
are dark green with distinct venation, reniform in shape with coarsely toothed margins. Rosette
leaves range from 2 to 12 cm in diameter with pubescent petioles 3 to 10 cm long. The taproot of
A. petiolata is long and slender. (Cavers et al. 1978)
Plants form a single bolt the second spring, with pubescent stalks growing up to 1.25 m
tall. Though single, bolts may have some branching. Cauline leaves ranging from 3 to 8 cm in
length grow alternately up the stem with larger leaves near the base and smaller leaves near the
stem apex. Basal leaves retain morphological characteristics of rosette leaves, but cauline leaves
are deltoid in shape with irregularly toothed margins and distinct petioles. (Cavers et al. 1978)
Racemes of numerous flowers form at the tip of the stem but may also grow at leaf axils.
Flowers are typically 6 to 7 mm in diameter, with four white, spatulate petals 3 to 6 mm in length
and four green sepals. Each flower has six stamens, four long and two short, with a gland at the
base of each pair. (Cavers et al. 1978)
Seed pods can grow singly or in bunches on thick, short stalks 4 to 6 mm long. The
siliques are 2.5 to 6 cm long and 2 mm wide, each containing 10 to 20 seeds growing alternately
on either side of the pod cavity. (Cavers et al. 1978)
Compared to other seeds in the brassica family, A. petiolata seeds have highly variable
morphology. The seeds may be dark brown to black and cylindrical to ellipsoid in shape. Each
seed is approximately 3 mm by 1 mm with the tip of one end beveled obliquely. A transverse
ridge runs along the entire length of the seed or arises near the seed median. (Cavers et al. 1978)
BIOLOGY
Alliaria petiolata can act as an annual or biennial in its native range, but in North
America, it is an obligate biennial (Durka et al. 2005, Anderson et al. 1996). Timing of
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germination, anthesis, and seed production can vary according to climate and location (Anderson
et al. 1996). Seeds have been observed germinating from late February to mid-May after 50 to
105 days of cold stratification (Blossey et al. 2001). While germination has been found to occur 8
months after dissemination in the warmer, southern reaches of the distribution, it may be up to 22
months after dissemination in colder, northern regions, with the majority of seeds germinating
within 4 years of the parent plant’s germination. (Baskin and Baskin 1992, Blossey et al. 2001,
Cavers et al. 1978, Nuzzo 1991) Because most seeds germinate as soon as stratification
conditions are met, the seed-bank longevity is fairly short, typically up to 5 years (Nuzzo 1991,
Blossey et al. 2001). Germination rates, however, can range from 3% to 60% after 3 years across
habitat types (Blossey et al. 2001).
As indicated by the length of cold stratification requirements, A. petiolata seeds have
strong physiological dormancy. Dormancy may be partially described as physical as the seed coat
is thick and relatively impermeable, although freshly ripened seeds are able to imbibe significant
amounts of water in short amounts of time. (Cavers et al. 1978, Baskin and Baskin 1998).
Consequently, conducting greenhouse and seed germination experiments may be challenging.
The most effective methods for breaking dormancy have included combinations of cold
stratification for several months, mechanical scarification, and exposure to the growth hormone
gibberellic acid (Cavers et al. 1978).
Seedling growth is rapid early in the season before leaf canopy develops fully and
inhibits sunlight penetration (Cavers et al. 1978). There is a high rate of seedling recruitment in a
growing season. Seedling densities range from 8.3 to 18 seedlings dm-2, with 60 to 90% of
seedlings dying before the fall, and 7.5% surviving to maturity the following year (Anderson et
al. 1996, Blossey et al. 2001). Though initial growth is rapid, the overall first year of growth
is relatively slow. Plants establish as rosettes by June and reach diameters of 4 to 15 cm by the
fall, then overwinter as green rosettes (Anderson et al. 1996, Blossey et al. 2001). Rosettes are
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extremely sensitive to summer drought, with high mortality associated with dry conditions.
(Blossey et al. 2001).
Bolting begins the following year in March or April, with growth recorded at 1.9 cm each
day (Anderson et al. 1996, Blossey et al. 2001, Durka et al. 2005). Flowering occurs between
April and the beginning of June, with peak bloom in mid-May (Cavers et al. 1978, Blossey et al.
2001). Flowers are cross-pollinated by insects, but can self-pollinate, and may do so even before
flowers open (Cavers et al. 1978, Anderson et al. 1996).
Siliques can begin to form by early May, and seeds ripen and begin to be released
from mid-June to October (Cavers et al. 1978, Anderson et al. 1996). Seed production can range
from 66 to 7,900 seeds on a single plant depending on habitat conditions. Seed rain has been
reported from 3,600 to 107,580 seeds m-2, varying among researchers, habitats, and plant
densities (Nuzzo 1991, Cavers et al. 1978, Anderson et al. 1996, Blossey et al. 2001). Alliaria
petiolata disseminates ballistically, propelling seed 1 to 2 meters from the parent plant (Nuzzo
1991). Seed design does not promote dispersal by wind or allow seeds to float well, but dispersal
distance is increased through floodwaters, adherence to moist surfaces, and human or wildlife
traffic (Nuzzo 1991, Blossey et al. 2001). Following seed release, second-year plants all die by
the commencement of winter (Cavers et al. 1978).
It is likely that A. petiolata has some level of allelopathic activity, producing chemicals
that may suppress surrounding vegetation and fungal communities, though studies have found
variable results (O’Sullivan et al. 2019). For example, an estimated 75% of North American
ground-layer plants depend on mycorrhizal activity. Alliaria petiolata, like many other mustards,
does not, and produces phytotoxic chemicals which may disrupt mycorrhizal fungi establishment
and consequently desirable vegetation in the surrounding environment. (Blossey et al. 2001) The
plant’s distinctive garlic odor is an effect of glucosinolates thought to act as phytotoxins.
Glucosinolates further act as deterrents to generalist feeding and as an attractant for symbiotic
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herbivores and pollinators, though there are few herbivores in North American attracted by these
glucosinolates (Blossey et al. 2001, Durka et al. 2005). There is some evidence of A. petiolata
allelochemicals directly inhibiting seed germination in other species, but this effect, like all A.
petiolata allelochemical studies to date, have been variable and inconsistent across studies, A.
petiolata populations, and between plant individuals (O’Sullivan et al. 2019).
ECOLOGY
Alliaria petiolata is one of the few invasive, herbaceous species with the ability to invade
forest understories (Blossey et al. 2001), with the capacity to establish in both disturbed and
relatively undisturbed areas (Anderson et al. 1996). The great competitive ability of A. petiolata
can be attributed to a variety of traits, including high rates of seed production and germination,
early seedling growth before native vegetation establishment, ability to self-pollinate and
establish populations from just a single plant, probable allelopathic activity, flexibility in energy
allocation to growth and reproduction, and low herbivory pressure (Anderson, 2019, Anderson et
al. 1996).
Populations may appear to establish suddenly in previously uninhabited areas. This is due
in part to the ragged advancing front pattern of A. petiolata invasion, where the fringe of the
population advances as much as 36 m one year, then retreats 18 m the next year. The biennial life
cycle may also give the impression of “sudden” dense establishments of mature plants. Though
densities and cover may fluctuate from year to year, once A. petiolata plants appear in an area
they become a permanent member of that plant community (Blossey et al. 2001).
Alliaria petiolata dominates understory systems, outcompetes native species, and is
associated with a decrease in diversity and cover of desirable ground-layer vegetation. This
disruption of flora composition likely has impacts on local fauna. Anecdotally, A. petiolata
appears to negatively impact wildlife species such as salamanders, earthworms, mollusks, and
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insects. For example, some species of butterflies oviposit on leaves of A. petiolata, but emerging
larvae are unable to survive on the A. petiolata leaves. (Blossey et al. 2001).
CONTROL/MANAGEMENT PRACTICES
Chemical. The first reference to chemical treatments as a management tool for A.
petiolata in the scientific literature occurred in 1979 in an allusion to a personal communication
describing the total kill effect on A. petiolata of a Kilmor application (a combination of 2,4-D,
MCPP, and dicamba) (Cavers et al. 1978).
Following this publication, the relatively few studies incorporating a chemical component
for management have primarily focused on the non-selective herbicide glyphosate. To reduce
impact to desirable vegetation, it is recommended that glyphosate be applied to rosettes in the late
fall or early spring, with the understanding that removal of rosettes is likely to result in increased
seedling growth (DiTomaso 2013). Glyphosate has been found to effectively control with spot
treatments of A. petiolata rosettes two years after application at 1%, 2%, and 3% when applied in
late fall or early spring. Application at 0.5% had no appreciable effect. Applications of 3%
glyphosate on rosettes in the spring reduced both rosette density and seedling frequency two years
after application, while a fall application reduced just rosette density. Desirable herbaceous
species dormant at the time of application suffered minimal injury, but treatments caused
significant injury to native sedges, grasses, and non-dormant native vegetation (Nuzzo 1991,
Nuzzo 1996).
In a 1996 study, Nuzzo found bentazon to non-significantly reduce A. petiolata when
applied at 0.56 kg and 1.12 kg a.i. ha-1 and have no significant impact on ground-layer species
cover or density. Acifluorfen, on the other hand, controlled all A. petiolata plants and inhibited
seed germination, but reduced cover of native herbs by more than 70% while persisting in the
soil. (Nuzzo 1996)
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Growth regulators 2,4-D and triclopyr, both selective broadleaf herbicides, have been
used in A. petiolata management (DiTomaso 2013). 2,4-D has been used widely in broadcast
applications and spot treatments to pre-flowering plants, though some have reported that 2,4-D
treatments are less than effective in the treatment of A. petiolata (DiTomaso 2013). It is suggested
that triclopyr be used in a broadcast application or in spot treatments on A. petiolata rosettes in
the spring (DiTomaso 2013). Branched-chain amino acid inhibitors such as imazapic,
metsulfuron, sulfometuron, and sulfosulfuron have been recommended for postemergence
applications on A. petiolata in fall or early spring (DiTomaso 2013).
It has been concluded that even without considering impacts on desirable vegetation, the
control provided by herbicides is not sufficient for long-term management, and large-scale
repeated herbicide treatments are impractically expensive and time-consuming (Nuzzo 1991).
The conclusion perpetuated from these studies is that all chemical treatments are ineffective
(Stinson et al. 2018).
Physical. Physically targeting bolting plants is a significant part of current A. petiolata
management plans. Re-sprouting following treatment is a concern for all physical treatments.
When hand-weeding, the top of the root crown must be removed as budding and sprouting may
occur (Blossey et al. 2001). Timing is also important to prevent regrowth. Secondary bolting is
less likely to occur following mowing late in the flowering season, but mowing too late may
spread seeds in pods (Cavers et al. 1978). Disturbance from mowing may also lead to increases in
A. petiolata growth (Anfang et al. 2019). Cutting bolts at ground level when in full bloom or just
after siliques form has been found to effectively control individual plants and small populations
when timed correctly. Cutting too early may allow secondary bolting, and after pods form
cuttings must be removed as seeds may still mature and become viable. (Blossey et al. 2001)
Cutting alone has been reported to kill 99% of plants, and consequently prevent seedbank growth
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for that season. Such management must continue until the seedbank is completely depleted, at
least three years (Nuzzo 1991).
Prescribed burns are a low-cost management option but with mixed returns. Burning may
increase garlic populations by removing leaf litter and competition to allow growth of seedlings.
To be effective, desirable plant communities must be fire-tolerant, and the area must have
sufficient fuel load to carry the burn at a manageable level. To achieve full kill of second year
plants the root crown must be burned as well. (Blossey et al. 2001) As with postemergence
herbicides, treatment on plants in the spring reduces seedlings and mature plants two years after
treatment but poses a greater threat to desirable vegetation, while fall treatment may have a
reduced impact on desirable vegetation and have no impact on seedling growth the following
seasons (Nuzzo 1991).
Biological control. An advantage A. petiolata holds over native vegetation is an absence
of predators in North America. Depredations by slugs, aphids, snails, leafhoppers, and some
fungal pathogens have been observed, but these do not appear to impede A. petiolata distribution.
Native range predators including weevils, flies and pierid butterflies could potentially prove
effective as biocontrol agents (Blossey et al. 2001). Ceutorhynchus constrictus, a seed-feeding
weevil, and Ceutorhynchus scrobicollus, a root crown weevil, are currently under investigation
and may become available biocontrol agents in Utah by 2027 (Amber Mendhenall, personal
communication).
Sahara mustard (Brassica tournefortii)
HISTORY
Sahara mustard (Brassica tournefortii) has several common names, including African
mustard, Asian mustard, Moroccan mustard, wild turnip, and mostaza (Minnich and Sanders
2000, Malusa et al. 2003). It is a winter annual native to the semi-arid and arid deserts of North
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Africa, Middle East, and Mediterranean regions of Southern Europe (Minnich and Sanders 2000,
Trader et al. 2006, Bangle et al. 2008, Abella et al. 2011, Berry et al. 2014). Even in its native
environment it is considered a weedy species (Bangle et al. 2008, Abd El-Gawad 2013). In North
America, it was first documented in Coachella Valley, California in 1927, possibly introduced
with date palm shipments from the Middle East in the early 1900’s (Minnich and Sanders 2000,
Trader et al. 2006, Minnich 2008, Abella et al 2011, Berry et al. 2014) and experienced a
population explosion in California during the abnormally wet years of 1978 to 1983, becoming
abundant in the Mojave and Sonoran Desert in the following decades (Minnich and Sanders 2000,
Minnich 2008). By 2014, populations had spread through the Sonoran and Mojave Deserts in
Mexico, Arizona, New Mexico, Southern Nevada, Texas, and Utah (Minnich and Sanders 2000,
Bangle et al. 2008, Berry et al. 2014) Significant areas of land where B. tournefortii is not
currently present are considered suitable habitat for establishment throughout the state of Utah
and neighboring states, and it is considered a high-risk species for spread and deleterious impacts
in the U.S. (USDA, 2021).
DISTRIBUTION AND HABITAT
Brassica tournefortii is flexible in its habitat and resource needs, requiring very little soil
to germinate (Abella et al. 2011) and surviving in a range of salinity and moisture levels (Berry et
al. 2014). It flourishes in the Sonoran and Mojave Deserts of North America (Minnich and
Sanders 2000), in arid areas with high temperatures and average annual rainfalls as low as 11 cm
(Malusa et al. 2003). It can be found at elevations up to 1,000 m, but is especially common below
305 m (Minnich and Sanders 2000, Berry et al. 2014). Lab tests have found B. tournefortii can
germinate under a wide range of temperatures (16 C to 32 C), moderate salt concentrations (up to
3.2 dS m-1), in 24 hours of light or darkness, and even after 10 weeks submersed in water (Bangle
et al. 2008).
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Although B. tournefortii may survive a range of environmental restrictions, populations
are positively correlated with soils with a higher water holding capacity and in microsites where
moisture collects, as well as higher levels of calcium carbonate and magnesium, with a negative
correlation associated with soil salinity (Malusa et al. 2003, Abd El-Gawad 2013). It establishes
well in sandy soils, and is commonly found in dunes, sandy flats, and sandy-gravelly washes
(Minnich and Sanders 2000, Berry et al. 2014). In Arizona, populations were most often found
growing at the bases of northeast, north, and northwest facing slopes with the lowest
concentration of plants on south-facing slopes and between dune crests (Malusa et al. 2003).
Areas that appear more resistant to establishment include intershrub spaces outside of stream
channels and on desert pavement (Berry et al. 2014) alluvial fans and rocky hillsides (Minnich
and Sanders 2000, Berry et al. 2014).
Brassica tournefortii is frequently observed growing in areas with 7 to 15% cover of
native perennial species, and establishes in high concentrations in the moist and nutrient-rich soil
immediately surrounding native perennial vegetation (Malusa et al. 2003, Berry et al. 2014).
Dense stands are frequently found crowding perennial grasses such as big galleta (Hilaria rigida)
and shrubs including Ephedra species, white bursage (Ambrosia dumosa), creosote (Larrea
tridentata), sagebrush species (tridentata), range ratany (Krameria erecta) and cactus (Malusa et
al. 2003, Berry et al. 2014).
Brassica tournefortii commonly establishes first on roadsides, where soil is disturbed and
moisture is abundant, then spreads into disturbed areas such as neglected fields, invasive
grasslands, ephemeral water courses, and wind-blown sand deposits (Minnich and Sanders 2000,
Malusa et al. 2003, Berry et al. 2014) Though disturbance promotes establishment, B. tournefortii
can establish in relatively undisturbed desert areas such as sand dunes and creosote flats (Minnich
and Sanders 2000, Abella et al. 2011, Berry et al. 2014) Although invasion of agricultural lands is
not yet of great concern in North America, B. tournefortii cropland invasion is occurring in
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Australia, where researchers have observed significant reductions in crop yields in harvests where
even relatively small numbers of B. tournefortii plants were present (Bangle et al. 2008).
MORPHOLOGY
B. tournefortii is leafy and herbaceous with stems branching at the base and highly
branched at the top (Abd El-Gawad 2013). Basal rosette leaves are deeply lobed with the lobes
themselves toothed and 7 to 30 cm long. Leaves decrease in size from the basal rosette up the
stem until leaves become small bracts at the inflorescence (Minnich and Sanders 2000). The
stems can grow up to one meter in height (Abd El-Gawad 2013) with some plants reported
growing up to 2 meters (Berry et al. 2014).
Flower pedicles are 4 to 10 mm long, longer than the sepals, and form in racemes of 6 to
20 flowers with each flower stalk longer than the sepals and growing at angles away from the
stem. The flowers are dull yellow and relatively small compared to other mustards, with petals 5
to 7 mm long and 1.5 cm wide, only just barely longer than the sepals (Minnich and Sanders
2000).
Fruit pedicles are 10 to 22 mm in length, longer than the flower pedicles, and branch
away from the stem at 45 degrees. The fruit itself is a dehiscent pod, 3.5 to 6.5 cm long and 2 to 3
mm in diameter, cylindrical to slightly tapering to a distinct beak at the tip of the pod. Each pod
has two locules with one row of 7 to 15 seeds in each locule (Minnich and Sanders 2000).
Seeds are round, 1 mm in diameter and averaging at 1.17 mg and mottled brown, dark
red, to purple in color (Trader et al. 2006, Abd El-Gawad 2013). Plants can produce 750 to 9000
seeds which may remain viable in the soil for multiple years (Abd El-Gawad 2013).
BIOLOGY
Brassica tournefortii may germinate from the late fall to spring, completing the life cycle
and drying by April or May (Trader et al. 2006, Suazo et al. 2012, Berry et al. 2014). This life
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cycle is flexible in response to environmental conditions; for example, fruiting has been observed
as early as December under warm temperatures (Minnich and Sanders 2000). It is primarily a
winter annual but will take advantage of sufficient moisture events regardless of the time of year
(Minnich and Sanders 2000, Abd El-Gawad 2013, Berry et al. 2014). The seedbank is highly
responsive to precipitation, with as little as 4 cm of moisture triggering significant germination
when temperatures are sufficiently low (Minnich and Sanders 2000). The most significant wave
of germination follows the first winter rains of the Mojave and Sonoran Desert winter rain cycles
(Minnich and Sanders 2000, Trader et al. 2006, Minnich 2008, Berry et al. 2014). Late winter or
spring rains may result in a second generation in a single year with fruit in May (Bangle et. al
2008). Germination may even occur in the summer following a monsoon, though germination is
highest between temperatures of 15 and 25 C (Malusa et al. 2003, Trader et al. 2006).
Conversely, in drought years, few B. tournefortii seeds may germinate, dissembling the actual
extent of the infestation until the next significant rain event (Bangle et al. 2008). The maximum
time seeds may remain viable in soil pending such a rain event is unknown, though seedbank
germination has been observed up to 3 years after seed set (Abella et al. 2013, Mahajan et al.
2020, USDA 2021). This life cycle plasticity in response to moisture and temperature, as well as
fire cycles, necessitates the utilization of long-term trends as opposed to year-to-year comparisons
when determining the true spread and impact of B. tournefortii (Minnich and Sanders 2000).
As B. tournefortii reproduces solely by seed, significant energy is allocated to seed
production, with single plants producing between 750 and 9000 seeds (Minnich and Sanders
2000, Trader et al. 2006, Berry et al. 2014). When wet, seeds develop a sticky gel coating,
allowing them to adhere to vehicles, animals, and people, and spread along roadsides and trails
(Trader et al 2006, Minnich and Sanders 2000). Wind is another vector for spread, as dried bolts
carrying seeds break and tumble (Bangle et al. 2008). Rodents also collect and cache the seeds,
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and ephemeral water courses may carry seeds to new locations (Malusa et al. 2003, Bangle et al.
2008).
ECOLOGY
Brassica tournefortii has been called a transformer species, or a species that “change[s]
the character, condition, form or nature of ecosystems over a substantial area” (Berry et al 2014).
Like many mustards, B. tournefortii may allelopathically disrupt surrounding vegetation (Abd elGawad 2013). Allelopathy aside, B. tournefortii is extremely successful in direct competition
with native grasses and annuals for water, nutrients, and light (Minnich and Sanders 2000,
Minnich 2008, Berry et al. 2014). Brassica tournefortii germinates early and grows rapidly,
allowing plants to produce seed before many native species have begun to flower (Minnich and
Sanders 2000, Trader et al. 2006, Abd El-Gawad 2013, Berry et al. 2014). During the rapid
growth stage, B. tournefortii utilizes all moisture available, then monopolizes sunlight as plants
form a dense canopy and become the dominant plant species in the system (Minnich and Sanders
2000, Trader et al. 2006, Gorecki et al. 2012, Berry et al. 2014). The height of the plant alone,
averaging 50 cm tall, gives B. tournefortii superiority over surrounding native vegetation, where
many species range from 9 to 30 cm in height (Bangle et al. 2008).
High rates of B. tournefortii germination, ranging from 86 to 100% of the thousands of
seeds produced by a single plant, present another competitive advantage over native plant species
(Minnich and Sanders 2000, Bangle et al. 2008, Berry et al 2014). At this high rate of seedling
recruitment, populations establish in solid stands in densities from 5 to 625 plants per square
meter (Minnich and Sanders 2000, Bangle et al. 2008). Seeds do not require a long dormancy
period to germinate, but are poised to take advantage of moisture events en masse, while many
native annual seedbanks have significant longevity and are resistant to mass germination
(Minnich and Sanders 2000, Suazo et al. 2012). Additionally, because B. tournefortii is selfcompatible, each seed could potentially propagate and colonize a new area (Minnich and Sanders,
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2000). Because of these characteristics, growth and establishment may become exponential in a
short amount of time.
As B. tournefortii populations increase, the diversity and biomass of native vegetation
decrease (VanTassel et al. 2013). This has implications for wildlife habitat suitability (Berry et al.
2014). For example, arthropod abundance and species richness has been found to decrease with
increases in B. tournefortii populations (VanTassel et al. 2013).
In addition to directly displacing native vegetation and wildlife, B. tournefortii
populations may exacerbate and contribute to wildland fires (Berry et al. 2014). With populations
reported to produce up to 3.0 tons/ha of biomass 2 to 3 months after germination, B. tournefortii
increases fuel loads in areas where continuous fuel loads are not naturally available (Minnich and
Sanders 2000, Trader et al. 2006). Historically, the Mojave and Sonoran Deserts rarely
experience wildfire as native vegetation growing sparsely between shrubs limits spread from the
point of ignition (Trader et al. 2006). Invasive annuals such as B. tournefortii and brome species
provide a continuous fuel load between these islands of fuel (Trader et al. 2006). While B.
tournefortii and other non-native vegetation may reestablish quickly after fire, it takes time for
native vegetation to reestablish, leading to a vicious cycle of fire, invasive annual establishment,
and a decrease in native vegetation cover (Trader et al. 2006).
CONTROL/MANAGEMENT PRACTICES
Chemical. Long-term B. tournefortii management plans have primarily focused on
seedbank management (Minnich and Sanders 2000, Trader et al. 2006). To date, chemical
management research has sought to prevent viable seed production using postemergence
herbicide applications until the seedbank becomes exhausted (Abella et al. 2013, Berry et al.
2014).
When applied to various stages of fruiting plants, treatments of 1.5% glyphosate, 1.5%
2,4-D, and metsulfuron at 0.25 g L-1 prevented 100% of developed and undeveloped seeds from
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germinating (Abella et al. 2013). Glyphosate, a nonselective herbicide, has been found to be
effective with minimal impact on desirable vegetation if applied to plants before flowering
(Marushia et al. 2010, DiTomaso et al. 2013, Berry et al. 2014). Glyphosate has also been found
to reduce plant densities by 20 to 30% and reduce seed production by 20%. However, this did not
reduce overall biomass as surviving plants expanded when resources became more readily
available (Brooks et al. 2006). Although glyphosate appears most often in the scientific literature
as a potential tool in management of B. tournefortii, it has been described as providing only fair
control (DiTomaso et al. 2013). Unlike glyphosate, 2,4-D and metsulfuron are selective for
broadleaf species and may be expected to cause minimal injury to native grasses (DiTomaso et al.
2013). While both glyphosate and 2,4-D have no soil activity, metsulfuron may have some
residual control on the seedbank, and is recommended as a broadcast herbicide at rates of 0.6 to
1.2 oz a.i. acre-1 (DiTomaso et al. 2013).
Other herbicides found to control B. tournefortii with potential preemergence activity
include the broadleaf-selective herbicides chlorsulfuron and triclopyr (DiTomaso et al. 2013).
Selective for certain broadleaf and grass species and well-known for residual activity in annual
grass management, imazapic is also recommended for B. tournefortii management (Baker et al.
2009, DiTomaso et al. 2013). However, these herbicides are primarily used for postemergence
activity, with secondary and variable preemergence activity. Preemergence herbicides have been
suggested but not widely implemented for B. tournefortii management. Hexazinone, for example,
has been effective in management of Brassicaceae species and proposed as a tool in B.
tournefortii management at low rates or in spot treatments to prevent total kill of all species
present (DiTomaso et al. 2013). Although no herbicide resistance is reported in the United States,
it is important to note B. tournefortii biotypes in Australian agricultural systems have developed
resistance to Acetolactate synthesis (ALS) inhibitor herbicides (Boutsalis et al. 1999).
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Cultural. Fire is a common cultural control method of weeds in natural areas, but
presents difficulties in B. tournefortii management. As fire fails to manage the seed bank,
controlled burns are likely to have only limited success. Following wildfires, B. tournefortii has
been observed to achieve pre-fire densities in one or two growing seasons (Minnich and Sanders
2000). Karrikinolide, a chemical produced in smoke, has actually been found to stimulate
germination in B. tournefortii, potentially facilitating the weed’s establishment even as it removes
growing plants and biomass (Long et al. 2011).
Physical. As mentioned previously, removing some plants but not all may only improve
the health and vitality of remaining plants (Trader et al. 2006). For example, hoeing rosettes has
been found to reduce plant density by 20 to 30% and seed production by 20% without negatively
impacting biomass as residual B. tournefortii plants took advantage of the alleviation of
competitive pressures (Brooks et al. 2006). Additionally, removing plants may result in increased
rates of germination as resources become available to the seedbank (Berry et al. 2014).
Consequently, frequent monitoring and repeated management is recommended to remove
overlooked or new plants (Trader et al. 2006).
As the primary goal in managing mature plants is prevention of viable seed production, it
is important to consider seed pod maturity and seed viability when physically treating plants
(Trader et al. 2006). Ideally, physical removal should be performed before seed development as
seeds may become viable even after the plant is clipped or uprooted (Abella et al. 2013, Berry et
al. 2014). Abella et al. (2013) compared germinability of seeds in discarded plant material from
fruiting plants following uprooting, breaking bolts at ground level, and removing siliques from
plants. It was found in undeveloped and developing seeds that 90 to 100% on clipped and pulled
plants germinated, while 0% germinated when siliques were simply removed from the plant.
However, if seeds were developed, germination was still at least 50% even for siliques separated
from the plant.
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Physical treatments such as hand-weeding, clipping and hoeing can be effective in
limited areas when performed before seeds mature or when plant material is removed from the
site (Minnich and Sanders 2000, Brooks et al 2006, Abella et al. 2013). For larger areas, however,
such physical treatments can become expensive and time-consuming. It is estimated that in areas
greater than 0.2 ha manual removal is more expensive herbicide applications (Brooks et al. 2006).
Furthermore, as soil disturbance is linked to B. tournefortii spread, manual removal of plants may
facilitate population establishment (Minnich and Sanders 2000).
Biological control. Brassica tournefortii grazing, herbivory, and parasitism have not
been observed in North America, and no biological controls are approved at this time (Minnich
and Sanders 2000, Abd El-Gawad 2013, DiTomaso et al. 2013). As Brassica tournefortii is in the
same genus as cultivated plants such as broccoli, cauliflower, and Brussels sprouts, it is difficult
to find a biological control that would target only Brassica tournefortii and not these desirable
crops (Minnich and Sanders 2000).
Elongated Mustard (Brassica elongata ssp integrifolia)
HISTORY
The various subspecies of B. elongata can be found from Southeastern Europe through
central Asia. They are considered weedy even in their native range, particularly in the East
(Gómez-Campo 1999, Rollins 1980). Subspecies integrifolia is found in the Eastern portion of
the range in Southern Russia, Ukraine and east through the Republics of Central Asia in semi-arid
habitats similar to sagebrush zones in the Great Basin (Rollins 1980, Young et al. 2003a, Young
et al. 2003b). It is distinguished from the western subspecies elongata by leaf morphology;
elongata leaves are deeply lobed to the mid vein and integrifolia leaves are entire or nearly so
(Rollins 1980, Young et al. 2003b). It is unclear which subspecies composed the first North
American population recorded in ship ballast near Portland in 1911 as this population does not
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appear to have persisted (Rollins 1980, Young et al. 2003b). Thereafter, all recorded populations
have belonged to the subspecies integrifolia (Rollins 1980, Young et al. 2003b). Brassica
elongata was next recorded in 1968 along US Highway 50 in Eureka County, Nevada, where it
was misidentified as belonging to the native genus Thelypodium until the 1980’s (Rollins 1980,
Young et al. 2003a). How and when the plant was introduced from its native Eurasian range to
Nevada is unclear, though it has been proposed that camels used in silver mining during the mid1800’s may have acted as a vector for transmission (Young et al. 2003a). It is currently reported
in Oregon, Nevada, Colorado, Idaho, Utah, and Colorado (EddmapS 2022, USDA 2022).
DISTRIBUTION AND HABITAT
Brassica elongata is often first observed growing on roadsides, as in the case of the initial
population along US Highway 50 and associated secondary roads in Nevada (Rollins 1980,
Young et al. 2003b). Populations appear in a range of environmental conditions, from elevations
of 1,846 m to 7,400 m and annual precipitation of 127 to 152 mm up to areas ranging from 305 to
356 mm (Young et al. 2003a, 2003b). Significant soil disturbance is not required for
establishment as populations are often associated with established stands of bottlebrush
squirreltail (Elymus elymoides [Raf.] Swezey), rabbitbrush (Chrysothamnus sp.) and Sandberg
bluegrass (Poa secunda J. Presl), as well as invasive annual grasses (Young et al. 2003a, 2003b).
It has been observed growing in pinyon (Pinus monophyla Torr. & Frem.)/juniper [Juniperus
osteosperma (Torr.) Little] woodlands alongside mountain big sagebrush (Artemisia tridentata),
as well as winterfat [Krascheninnikovia lanata (Pursh) A. Meeuse & Smit] communities and
black sagebrush (Artemisia nova A. nelson) systems (Young et al. 2003a, 2003b).
MORPHOLOGY
Brassica elongata seedlings are distinguished from other broadleaf seedlings by round
cotyledons distinctly notched at the tips (Young et al. 2003a). Rosettes are often observed
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growing in clusters, ranging widely in diameters (Rollins 1980, Young et al. 2003a). Rosette and
basal leaves are lanceolate, entire with smooth to wavy margins, dark green, with a waxy,
glabrous surface and a distinct white midvein (Rollins 1980, Young et al. 2003a, CDA 2015).
Compared to surrounding vegetation, this foliage is distinctly thick and dense (Rollins 1980,
Young et al. 2003a). Plants are deep rooted, and may grow up to a meter at maturity (Young et al.
2003a, CDA 2015). Brassica elongata produces multiple stems when bolting. These stems branch
extensively at the base into smaller branches, presenting a domed canopy morphology (Rollins
1980). Cauline leaves are significantly smaller than basal leaves with distinct petioles (CDA,
2015). Racemes of four-petaled flowers form at branch tips, yellow to orange-yellow in color
(Rollins 1980). When fruiting, flower stigmas elongate into erect siliques 1 to 1.5 cm long with
constrictions between the seeds (Rollins 1980, Young et al 2003a, CDA 2015). Seeds range from
gray to red in color, with the largest and darkest seeds at base of the pod and smaller, lighter
seeds near the tip (Young et. al, 2003a).
BIOLOGY
Brassica elongata flowering occurs from late spring into summer, and even into fall with
sufficient moisture (Young et al. 2003a). Unlike most invasive species in semi-arid regions, B.
elongata can grow as a winter annual, biennial, or as a simple perennial (Young et al. 2003a).
Previously, invasive perennials of the Western U.S. such as Canada thistle and perennial
pepperweed have been found in areas of high moisture, but B. elongata does not experience this
limitation (Young et al. 2003a). Although plants have been grown under greenhouse conditions
from root fragments, growth was slow and failed to yield flowering plants, suggesting that
regrowth from root fragments is of minimal concern under field conditions (Young et al. 2003a).
Instead, plants appear to reproduce from seed, regrow from roots of established plants, or form
new rosettes from lateral roots (Young et al. 2003a). Compared to creeping perennials, this
vegetative growth is slow and not especially significant (Young et al. 2003a).
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ECOLOGY
Invasive species in semi-arid areas of the U.S. often succeed over native plant species by
germinating early at low temperatures and utilizing winter moisture (Young et al. 2003b).
Brassica elongata, however, does not appear to have the capacity to germinate at winter
temperatures. Though seeds have been observed germinating under temperatures ranging from 10
to 40° C, seeds were not observed germinating at temperatures below 5°C (Young et al. 2003b).
Brassica elongata has a significant rate of seed production, with 76 to 90% germinating under
ideal temperature conditions (Young et al. 2003a, 2003b). Seeds are dispersed though wind, as
dry bolts break at the base of the plant and tumble (Young et al. 2003a). Shattered pods holding
residual seeds may also be carried long distances by wind (Young et al. 2003a). There is no
indication of wildlife utilization, and there is no indication of detrimental impacts to grazing
livestock (Young et al. 2003a). Unlike A. petiolata and B. tournefortii, B. elongata does not
appear to be self-compatible, preventing individual seeds from colonizing a new area, but
increasing genetic variability in populations (Young et al. 2003b).
CONTROL/MANAGEMENT PRACTICES
Although recognition of B. elongata as a problematic weed is increasing, there is little in
the scientific literature concerning management practices. No biocontrol agents are available
(CDA, 2015). While there is no indication of detrimental impacts to grazing animals, there is no
evidence of wildlife utilization (Young et al. 2003a). Burning is not recommended, as negative
impact risks outweigh the benefits (CDA, 2015). Hand-weeding seedlings and established plants
is suggested when population sizes are small, but as seedbank longevity is unknown, it is
recommended to perform manual removal annually for a minimum of ten years (CDA, 2015).
Researched chemical management options are likewise limited, although applications of
metsulfuron at 21 to 42 g of ai ha-1 in spring and early summer to rosette and bloom growth stages
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have been recommended. Chlorsulfuron at 53 g of ai ha-1 is also recommended for rosettes and
actively bolting plants (CDA, 2015).
Research Objectives
For all three mustard species, there is an urgent need for additional research into chemical
management options. Brassica tournefortii has the most extensive literature on herbicide
treatment options, but previous research has involved little to no herbicides with preemergence
activity. Research has focused on timings of postemergence applications to prevent injury to
desirable vegetation. Preemergence herbicides could potentially control invasive annual
seedbanks while releasing desirable vegetation. Herbicide treatments for A. petiolata and B.
elongata are largely unexplored. Managers have been forced to make significant management
decisions without information and options, expending money and time on potentially ineffective
treatments. The objectives of this research were to 1) determine the efficacy of rates of
postemergence, preemergence, and selective herbicides in the management of invasive mustards,
2) determine the impacts of these treatments on desirable vegetation, 3) gather additional
information on the life cycle patterns and characteristics of A. petiolate, B. tournefortii, and B.
elongata in Utah and Idaho. These research findings provide land managers with a range of
options in managing invasive mustard species, and contribute valuable information regarding
these species to the scientific literature.
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CHAPTER 2
CHEMICAL MANAGEMENT OF GARLIC MUSTARD (ALLIARIA PETIOLATA) IN
PAYSON CANYON AND SUMMIT COUNTY, UTAH
Abstract
Garlic mustard [Alliaria petiolata (Bieb.) Cavare & Grande] is a significant weed in
forest understories in eastern states and spreading westward. While distribution is currently
limited in the West, A. petiolata has existed in Utah for over thirty years. It is a serious
management issue in Summit and Utah counties with potential to spread to significant portions of
Utah forests. As chemical treatment is understudied in A. petiolata management, this study
compared preemergence and postemergence herbicide combinations, rates, and application
timing’s impacts on A. petiolata populations and desirable vegetation. Four trials were created
between 2018 and 2019, each arranged in a completely randomized block design with three to
four replications. Treatments included combinations and rates of 2,4-D, glyphosate, metsulfuron,
indaziflam, and a premix of penoxsulam and oxyfluorfen. Percent cover evaluations were
conducted annually in the spring and summer following treatment through the spring of 2021.
Postemergence herbicides were examined at greater depth in a greenhouse trial testing A.
petiolata dose response to a range of rates of 2,4-D, metsulfuron, triclopyr, and glyphosate by
collecting dry biomass two weeks after herbicide application. Treatments were replicated six
times and the experiment was performed twice. Both field and greenhouse trials indicate
approved rates of 2,4-D for forest understory use are not effective in reducing A. petiolata cover
or biomass. In the field indaziflam alone did not significantly reduce cover until two years after
treatment, but when combined with 2,4-D cover was often reduced significantly. Glyphosate
treatments were not different from the untreated control by the second year following treatment.
Metsulfuron combinations nearly always reduced A. petiolata cover up to 2 years after treatment,
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with reductions of 83 to 100% cover in the year following treatment. Future assessments will add
understanding to the importance of indaziflam in long-term A. petiolata management.
Introduction
Garlic mustard [Alliaria petiolata (Bieb.) Cavare & Grande] is an invasive biennial
mustard of Eurasian origin common in midwestern and northeastern states (Anderson et al. 1996,
Blossey et al. 2001). While distribution is currently limited in western states, A. petiolata has
existed in Utah for over thirty years (Anderson et al. 1996). It is a serious management issue in
Summit and Utah counties with potential to spread to significant portions Utah and other western
state forests (Lowry et al. 2017, Welk 2002, EddmapS 2022).
Alliaria petiolata is one of the few invasive, herbaceous species with the ability to invade
forest understories and is capable of establishing in both disturbed and relatively undisturbed
areas (Anderson et al. 1996, Blossey et al. 2001). The great competitive ability of A. petiolata
can be attributed to a variety of traits, including high rates of seed production and germination,
early seedling growth before native vegetation establishment, the ability to self-pollinate and
establish populations from a single plant, probable allelopathic activity, flexibility in energy
allocation to growth and reproduction, and low herbivory pressure (Anderson et al. 1996,
Anderson 2019).
Populations may appear to establish suddenly in previously noninfested areas. This is due
in part to the ragged advancing front pattern of A. petiolata invasion, where the fringe of the
population advances as much as 36 m one year followed by an 18 m retreat the next year. The
biennial life cycle may also give the impression of “sudden” dense establishments of mature
plants. Though densities and cover may fluctuate from year to year, once A. petiolata appears in
an area, it becomes a permanent member of that plant community (Blossey et al. 2001).
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Alliaria petiolata dominates understory systems, out-competes native species, and is
associated with a decrease in diversity and cover of desirable ground-layer vegetation. This
disruption of flora composition likely has impacts on local fauna. Anecdotally, A. petiolata
appears to negatively impact wildlife species such as salamanders, earthworms, mollusks, and
insects. For example, some species of butterflies oviposit on leaves of A. petiolata, but emerging
larvae are unable to survive on the A. petiolata leaves. (Blossey et al. 2001)
Alliaria petiolata can act as an annual or biennial in its native range, but in North
America, it is an obligate biennial (Durka et al. 2005, Anderson et al. 1996). Timing of
germination, anthesis, and seed production can vary according to climate and location (Anderson
et al. 1996). Seeds have been observed germinating from late February to mid-May after 50 to
105 days of cold stratification (Blossey et al. 2001). While germination has been found to occur
eight months after dissemination in the warmer southern reaches of the distribution, it may be up
to 22 months after dissemination in colder northern regions, with the majority of seeds
germinating within four years of the parent plant’s germination. (Baskin and Baskin 1992,
Blossey et al. 2001, Cavers et al. 1978, Nuzzo 1991) Because most seeds germinate as soon as
stratification conditions are met, the seedbank longevity is fairly short, typically up to five years
(Nuzzo 1991, Blossey et al. 2001). Germination rates, however, can range from 3 to 60% after
three years across habitat types (Blossey et al. 2001).
Seedling growth is rapid early in the season before leaf canopy develops fully and
inhibits sunlight penetration (Cavers et al. 1978). There is a high rate of seedling recruitment in a
growing season. Seedling densities range from 8.3 to 18 seedlings dm-2, with 60 to 90% of
seedlings dying before the fall, and 7.5% surviving to maturity the following year (Anderson et
al. 1996, Blossey et al. 2001). Though initial growth is rapid, the overall first year of growth
is relatively slow. Plants establish as rosettes by June and reach diameters of 4 to 15 cm by the
fall, then overwinter as green rosettes (Anderson et al. 1996, Blossey et al. 2001). Rosettes are
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extremely sensitive to summer drought, with high mortality associated with dry conditions
(Blossey et al. 2001).
Bolting begins the following year in March or April, with growth recorded at 1.9 cm in a
day (Anderson et al. 1996, Blossey et al. 2001, Durka et al. 2005). Flowering occurs between
April and the beginning of June, with peak bloom in mid-May (Cavers et al. 1978, Blossey et al.
2001). Flowers are cross-pollinated by insects, but can self-pollinate and may do so before
flowers open (Cavers et al. 1978, Anderson et al. 1996).
Siliques may begin to form by early May, and seeds ripen and begin to be released
from mid-June to October (Cavers et al. 1978, Anderson et al. 1996). Seed production can range
from 66 to 7,900 seeds on a single plant depending on habitat conditions. Seed rain has been
reported from 3,600 seeds m-2 to 107,580 seeds m-2, varying among researchers, habitats, and
plant densities (Nuzzo 1991, Cavers et al. 1978, Anderson et al. 1996, Blossey et al. 2001).
Alliaria petiolata disseminates ballistically, propelling seed 1 to 2 meters from the parent plant
(Nuzzo 1991). Seed design does not promote dispersal by wind or allow seeds to float well, but
dispersal distance is increased through floodwaters, adherence to moist surfaces, and human or
wildlife traffic (Nuzzo 1991, Blossey et al. 2001). Following seed release, second-year plants all
die by the commencement of winter (Cavers et al. 1978).
Alliaria petiolata grows well in moist, shaded soils, and growth may be associated with
calcareous soils. However, plants are found in a range of soil types and conditions. Populations
are observed growing in sand, loam, and clay soils, on limestone and sandstone substrates, in full
sun and on dry slope peaks (Cavers et al. 1978, Nuzzo 1991, Blossey et al. 2001). Growth is
found to be poor in soils that are too acidic or poorly drained, such has peat and muck soils
(Cavers et al. 1978, Nuzzo 1991, Blossey et al. 2001).
As current A. petiolata management plans are recommended to extend 4 to 10 years in
order to address the seedbank and are difficult to accomplish, prevention is considered the most
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important management method (Blossey et al. 2001). After A. petiolata has appeared in a
management area, other management methods must be implemented.
Physical removal is currently represented as a primary treatment option in the scientific
literature, but is costly and difficult to implement over large areas. Removal of the root crown as
well as fruiting plant parts is necessary to prevent regrowth and seeding (Blossey et al. 2001).
Secondary bolting is less likely to occur following mowing late in the flowering season, but
mowing too late may spread seeds in pods (Cavers et al. 1978). Disturbance from mowing may
also lead to increases in A. petiolata growth (Anfang et al. 2019).
Prescribed burns are a low-cost management option but with mixed returns. Burning may
increase garlic populations by removing leaf litter and competition to allow growth of seedlings.
To be effective, desirable plant communities must be fire-tolerant, and the area must have
sufficient fuel load to carry the burn at a manageable level. To achieve full kill of second year
plants the root crown must be burned as well. (Blossey et al. 2001) Burning plants in the spring
reduces seedlings and mature plants two years after treatment but poses a greater threat to
desirable vegetation, while fall treatment may have a reduced impact on desirable vegetation and
no impact on seedling growth the following seasons (Nuzzo 1991).
The first reference to chemical treatments as a management tool for A. petiolata in the
scientific literature occurred in 1979 in an allusion to a personal communication describing the
total kill effect on A. petiolata of a Kilmor application (a combination of 2,4-D, MCPP, and
Dicamba) (Cavers et al. 1978). Following this publication, the relatively few studies
incorporating a chemical component for management have primarily focused on the non-specific
herbicide glyphosate. To reduce impact to desirable vegetation, it is recommended that
glyphosate be applied to rosettes in the late fall or early spring, with the understanding that
removal of rosettes is likely to result in increased seedling growth (DiTomaso 2013). Spottreatments of glyphosate have been found to effectively control A. petiolata rosettes two years
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after application at 1%, 2%, and 3% when sprayed in late fall or early spring. Application at 0.5%
had no appreciable effect. Applications of 3% glyphosate on rosettes in the spring reduced both
rosette density and seedling frequency two years after application, while a fall application
reduced rosette density only. Desirable herbaceous species dormant at the time of application
suffered minimal injury, but treatments caused significant injury to native sedges, grasses, and
non-dormant native vegetation (Nuzzo 1991, Nuzzo 1996).
In a 1996 study, Nuzzo found bentazon non-significantly reduced A. petiolata when
applied at 0.56 kg and 1.12 kg ai ha-1 with no significant impact on ground-layer species cover or
density. Acifluorfen, in contrast, controlled all A. petiolata plants and inhibited seed germination,
but reduced cover of native herbs by more than 70% (Nuzzo 1996).
Growth regulators 2,4-D and triclopyr, both broadleaf selective herbicides, have been
used in A. petiolata management (DiTomaso 2013). While 2,4-D has been used widely in
broadcast applications and spot treatments to pre-flowering plants, some have reported that 2,4-D
treatments are less than effective in the treatment of A. petiolata (DiTomaso 2013). It is suggested
that triclopyr be used in a broadcast application or in spot treatments on A. petiolata rosettes in
the spring (DiTomaso 2013). Branched-chain amino acid inhibitors such as imazapic,
metsulfuron, sulfometuron, and sulfosulfuron have been recommended for postemergence
applications on A. petiolata in fall or early spring (DiTomaso 2013).
It has been concluded that even without considering impacts on desirable vegetation, the
control provided by herbicides is not sufficient for long-term management, and large-scale
repeated herbicide treatments are impractically expensive and time-consuming (Nuzzo 1991).
The conclusion perpetuated from these studies is that all chemical treatments are ineffective
(Stinson et al. 2018). However, chemical treatment remains an important and cost-effective tool
when incorporated in an integrated weed management plan and cannot be ignored. Herbicide
selectivity, preemergence activity, and application timing options remain to be explored. The
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purpose of this study was to compare herbicide rates, preemergence and postemergence
combinations, selective and non-selective active ingredients, and application timing impacts on A.
petiolata populations and desirable vegetation.
The objectives of this study were to compare preemergence and postemergence
combinations, herbicide rates, and application timing’s impacts on A. petiolata populations and
desirable vegetation. Indaziflam is a recent addition to the weed management toolbox for
rangelands and natural areas. Properties including residual activity, immobility in the soil, and
cellulose biosynthesis inhibition allow indaziflam to prevent annual weed emergence with little
impact on desirable perennial vegetation for multiple years following a single application.
Indaziflam is recognized as a powerful tool in suppressing invasive annual grasses in rangelands
and natural areas with potential use in species with high rates of seed production and seedling
recruitment (Clark et al. 2020). As A. petiolata relies on seedling recruitment and high rates of
seed production for survival, targeting the seed bank with a preemergence herbicide is explored in
this study with the addition of indaziflam.
Materials and Methods
Site description. Four trials were established between 2018 and 2019 in forested
recreation areas heavily infested with A. petiolata populations. Two trials were established in
Payson Canyon, the first in 2018 centered near Maple Lake (39°57'17.61"N 111°41'38.18"W
with replications separated and placed from 1865 to 2000m elevation) and the other in the fall of
2019 in Maple Dell Scout Camp (39°58'01.49"N 111°41'57.10"W 1800 m). The soil is a silt loam
with a pH of 6.4 to 6.6, organic matter of 11.1 to 11.9%, low sulfate levels and high iron levels
(Table 2-1). Two additional trials were established adjacent to Armstrong Trail in Park City in the
spring of 2019 at approximately (40°39'20.02"N 111°31'25.85"W, between 2200 and 2225m
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elevation). The soil is a loam with a pH of 6.5, 12.5% organic matter, and high iron levels (Table
2-1).

Table 2-1. Soil characteristics compared between the three sites: Maple Lake, Maple Dell, and Park City
Soil Organic
Salinity
P
K
Site
Soil texture
N
Z
Fe
Cu
pH
matter
-1

%

dS m

Mn

S

mg kg-1_

Maple Lake

Silt Loam

6.4

11.1

0.35

81.2

720

8.17

4.74

83.8

1.05

23.2

4.0

Maple Dell

Silt Loam

6.6

11.9

0.57

75.0

596

19.7

8.35

65.5

1.46

36.1

5.9

Loam

6.5

12.5

1.33

103

541

125

12.6

128

3.19

19.0

8.8

Park City

36
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Treatments. Within all trials, treatments were arranged in a completely randomized
block design with 2.4 by 6.1 m plots and replicated four times, with the exception of the second
Park City site, which was replicated three times. All treatments included 0.25% v/v non-ionic
surfactant and were applied with a CO2-pressurized backpack at a spray volume of 168 L ha-1 at
276 kPa of pressure. The Maple Lake 2018 trial compared spring and fall applications of 2,4-D
(Alligare 2,4-D Amine, Alligare, LLC, Opelika, AL) at 1,065 g ae ha-1, glyphosate (Roundup
PowerMax®, 540 g L-1, Monsanto Company, 800 N. Lindbergh Boulevard, St. Louis, Missouri)
at 92,818 g ai ha-1 and metsulfuron (Escort® XP, 60%, Bayer Environmental Science, A Division
of Bayer CropScience LP, 5000 Centre Green Way, Suite 400, Cary, North Carolina) at 21 and 42
g ai ha-1. Spring treatments were applied in May 2018 to actively growing seedlings and rosettes
with fall treatments applied in November 2018 to dormant first-year rosettes.
In 2019 two trials were established near Park City. The first, Park City 01, compared
summer applications of 2,4-D at 1,065 g ae ha-1 alone and with indaziflam (Esplanade®, 200 g L1

, Bayer Environmental Science, A Division of Bayer CropScience LP, 5000 Centre Green Way,

Suite 400, Cary, North Carolina) at 44, 73, and 104 g ai ha-1. Summer applications also included
indaziflam at 104 g ai ha-1 alone and at 73 g ai ha-1 combined with metsulfuron at 21 g ai ha-1. The
summer treatments were applied in July 2019 to rosettes and bolting plants. In September 2019,
two treatments of 2, 4-D at 1,065 g ae ha-1 combined with indaziflam at 44 and 73 g ai ha-1 were
applied to rosettes averaging 7.6 cm in height. In the second Park City trial, Park City 02, all
treatments were applied in June 2019 to rosettes and bolted plants and included treatments
identical to those of the first Park City trial, with the omission of the indaziflam alone treatment
and all fall treatment.
The final trial was established at Maple Dell Scout Camp in September 2019. Five
treatments were applied to first-year rosettes. No spring applications were included. Treatments
included metsulfuron at 21 g ai ha-1 alone and combined with indaziflam at 44 and 73 g ai ha-1.
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Metsulfuron at the same rate was also combined with a premix of penoxsulam and oxyfluorfen
(Cleantraxx™, 10 g L-1 penoxsulam, 471 g L-1 oxyfluorfen, Dow AgroSciences LLC, 9330
Zionsville Road, Indianapolis, Indiana) at 12 g ai ha-1 of penoxsulam and 551 g ai ha-1 of
oxyfluorfen. A treatment of the penoxsulam and oxyfluorfen premix alone at the same rate as in
the previous combination was also included.
Data collection. Treatment effectiveness was evaluated by collecting cover data every
spring and fall following application with the final collection in the Spring of 2021. The years of
2020 and 2021 were drought years which significantly impacted fall A. petiolata cover (Figure 21, Figure 2-2). Consequently, spring assessments were only included in the final analysis after the
first year.
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Figure 2-1. Weather data from 2017 to 2022 for Park City trials (Park City weather station,
NOAA- ACIS).
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Figure 2-2. Weather data from 2017 to 2022 for Payson Canyon trials (Spanish Fork weather
station, NOAA-ACIS).
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Overhead pictures were taken at approximately 1.35 m above the ground within each
plot. Pictures were afterwards analyzed in SamplePoint, an image analysis software program
(Booth et al. 2020). A grid overlay of 25 points was applied to each image and plant species
determined at each point. The relative frequencies of species occurrence were recorded as percent
cover ranging from 0 to 100%.
Data analysis. Analyses were conducted in NCSS (NCSS 2021 Statistical Software,
2021) Data were checked for normality and homogenous variances and when needed, data were
transformed using log, square, square root, cube root, or arcsine transformations. Although
transformations did not always improve variance and normality, all data were included in the
final analysis. Non-transformed data are shown in tables and figures. Drought conditions
significantly reduced overall A. petiolata cover between the springs of 2020 and 2021,
overshadowing treatment differences (Figure 2-1, Figure 2-2). Instead, treatments were evaluated
within each year using ANOVA and means were separated using Fisher’s Protected LSD (p ≤
0.05).
Data analysis for the Maple Lake 2018 trial was complicated by a series of unforeseen
circumstances. In the summer of 2018, a wildfire moved through the area, causing a tree to fall
and obscure one plot treated with metsulfuron at the low rate. Yate’s average was used in NCSS
to replace the missing data point. Unfortunately, lost photos for the Maple Lake 2018 trial
complicated analysis of June 2020 data, with only two replications being available for analysis.
At the June 2021 assessment, plot flags demarking the third replication had been moved and plots
were not distinguishable; consequently, data was analyzed using three of the four replications.
These two years of data were analyzed with ANOVA and separated with Fisher’s Protected LSD
(p ≤ 0.05 for June 2021 and p ≤ 0.10 for June 2020).
In the spring 2020 assessment of the Maple Dell trial, an extra photo was taken of each
plot, doubling the number of points analyzed in image analysis software. The photos of the
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penoxsulam, oxyfluorfen, and metsulfuron treatment in the first replication were lost and the
missing data point replaced using Yate’s average in NCSS.
Greenhouse trial. In early October 2020, seeds were collected in the area surrounding
the Maple Dell trial and stored in a dry envelope in a refrigerator until used (five months for Run
1, 12 months for Run 2). The seeds were then placed on a paper towel soaked in distilled water,
sealed in a plastic bag, and stored under dark conditions in a refrigerator. The seeds were
periodically checked for emerging radicals and to ensure the paper towel remained moist. After
approximately nine weeks of cold stratification, a sufficient number of radicles emerged and these
seeds were planted in potting soil in 573.5 cm3 pots.
The experiment was structured as a completely randomized block design with six
replications and performed twice. Run 1 took place in the summer of 2021 with seeds planted in
the greenhouse in early June and harvested in early July. Run 2 took place in the winter with
seeds planted in late December of 2021 and plants harvested in late January of 2022. Greenhouse
temperatures were 25 o C during the day and 20 o C at night with 16-hour days and 8-hour nights.
Treatments. Of the four herbicides tested, three were used in field trials. For each
herbicide, 8 different rates were used with each rate increasing by a factor of 2. Metsulfuron was
applied from 0.2 to 25.2 g ai ha-1. 2,4-D was applied at rates from 66.6 to 8,519 g ae ha-1.
Glyphosate was applied at rates from 66 to 8,476 g ai ha-1. Triclopyr (Garlon® 4 Ultra, 479 g ae
L-1, Corteva Agriscience™, 9330 Zionsville Road, Indianapolis, IN) was applied in Run 1 at rates
from 52.5 to 6,725 g ae ha-1, but rates were determined to be too high and were reduced to 6.6 to
841 g ae ha-1 in Run 2. All treatments included non-ionic surfactant at 0.25% v/v. (Figure 2-3)
The plants were treated approximately 30 days after planting, with one to four plants
remaining in each pot. Pots were loaded by treatment onto trays and each tray treated using an
enclosed track sprayer calibrated to deliver 168 L ha-1 at 276 kPa. Plants were harvested
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approximately 14 days after treatment. Samples were dried in a drying oven for three days and
dry biomass weights were recorded
Analysis. Dry weight data were fit to a 4-parameter logistic dose response model in
SigmaPlot (SigmaPlot Version 14) [Equation 1]:
𝑦𝑦 = c +

𝑑𝑑−𝑐𝑐

1−(
) 𝐺𝐺𝐺𝐺50

x 𝑏𝑏

[1]

in which y is the response, d is the upper limit, c is the lower limit, x is a given dose, GR50 is the
dose required to reduce the response halfway between d and c, and b represents the slope around
GR50. Run 1 and Run 2 had significant treatment by run interactions and could not be combined.
Results and Discussion
Park City Trials. In the Park City 01 trial, two months after the July treatment,
applications of metsulfuron combined with indaziflam at the medium rate and 2,4-D and
indaziflam at the medium rate had reduced A. petiolata cover to 35 and 54%, respectively, with
untreated plots between 80 and 83% cover. The following spring, 11 months after the spring
treatment and 9 months after the fall treatment, the metsulfuron with indaziflam treatments
resulted in 6% A. petiolata cover, or a 93.4% decrease when compared to the untreated plots of
91% cover. Spring application of 2,4-D with indaziflam at the high rate in the spring, and fall
application of 2,4-D with indaziflam at the medium rate reduced cover, but were not significantly
different from the other indaziflam and 2,4-D treatments. By the following spring, plots treated
with metsulfuron combined with indaziflam, 2,4-D combined with indaziflam at the highest rates
applied in the spring, and indaziflam alone all displayed lower cover compared to the control.
Indaziflam alone did not reduce cover at earlier ratings, but effects of indaziflam’s preemergence
activity on the seedbank in the previous years became apparent two years after treatment. Cover
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in plots treated with 2, 4-D alone was never lower than the untreated at any rating time. (Table 22)
The Park City 02 trial treatments and application timing were identical to the Park City
01 trial spring treatments, with the exception of an application of indaziflam. In August of 2019,
two months after application, all treatments reduced A. petiolata cover. Similar to the Park City
01 trial, the following spring metsulfuron combined with indaziflam at the medium rate reduced
cover to 4%, or a 95.9% cover decrease compared to the untreated cover of 97.33%. While all
combinations of 2,4-D and indaziflam reduced cover when compared to the untreated control,
2,4-D did not. In June 2021, cover in all treated plots was no different from the untreated control.
(Table 2-3)

Table 2-2. Park City 01 2019 trial Alliaria petiolata canopy cover 1, 2, 11, and 23 months after spring treatment and 0, 0, 9, and 21 months after
fall treatment.
Cover
Treatment
Rate
Timing
August 2019 September 2019 June 2020 June 2021
g ai ha-1
%
Untreated
-Spring
66
80 a
91 ab
67 a
2,4-D

1,065b

Spring

71

73 a

90 a

44 a-d

Metsulfuron + Indaziflam

21 + 73

Spring

65

35 c

6f

20 d

2,4-D + Indaziflam

1,065b + 44

Spring

72

67 ab

73 a-d

59 ab

2,4-D + Indaziflam

b

1,065 + 73

Spring

80

54 bc

75 a-d

33 cd

2,4-D + Indaziflam

1,065b + 104

Spring

60

66 ab

55 d

36 b-d

104

Spring

83

80 a

70 b-d

22 cd

2,4-D + Indaziflam

1,065b +44

Fallc

--

--

85 a-c

47 a-c

2,4-D + Indaziflam

b

c

--

--

62 cd

42 a-d

0.4743

0.0002

< 0.0001

0.0126

Indaziflam

P value

1,065 + 73

Fall

a

Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05).
2,4-D rates are given in g ae ha-1
c
2019 assessments taken before fall applications
b
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Table 2-3. Park City 02 2019 trial Alliaria petiolata canopy cover 2, 12, and 24 months after spring treatment.
Treatment

Rate

Timing

August 2019

-1

g ai ha
Untreated

Cover
June 2020

June 2021

%

---

Spring

88 a

97 a

84

2,4-D

1,065b

Spring

57 bc

79 ab

57

Metsulfuron + Indaziflam

21 + 73

Spring

51 bc

4c

36

2,4-D + Indaziflam

1,065b + 44

Spring

69 b

68 b

52

2,4-D + Indaziflam

1,065b + 73

Spring

39 c

48 b

32

2,4-D +Indaziflam

1,065b + 104

Spring

43 c

42 b

29

0.0102

0.0036

0.1027

P value
a
b

Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05)
2,4-D rates are given in g ae ha-1
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Payson Canyon Trials. In the Maple Lake 2018 trial, the evaluation taken in June 2019,
or 13 months after spring treatment and 7 months after fall treatment, both spring and fall
metsulfuron treatments reduced A. petiolata cover the most, ranging from 0 to 8% cover at an 83
to 100% decrease from the 47% cover in the untreated plots. The other treatments were not
significantly different from the untreated, although spring and fall glyphosate and spring 2,4-D
treatments were not significantly different from metsulfuron, with 32 to 37% A. petiolata cover.
There was no difference in A. petiolata cover between spring and fall treatments. (Table 2-4)
By the fall of 2019, all treatments reduced A. petiolata cover except 2,4-D alone applied
in the spring or fall. Both rates of metsulfuron resulted in the lowest A. petiolata cover, with no
difference between fall and spring applications. Glyphosate was not different from metsulfuron
treatments or the spring 2,4-D treatment, and impact on A. petiolata cover was no different
between spring and fall applications (Table 2-4).
By the spring of 2020, or 25 months after spring treatment and 19 months after fall
treatment, the only treatments with lower cover than the untreated were the spring and fall
treatments of metsulfuron. The following year, in June 2021, there was no difference between any
of the treatments and the untreated control (Table 2-4).

Table 2-4. Maple Lake 2018 trial Alliaria petiolata canopy cover 11, 15, 23, and 35 months after spring treatment and 7, 11, 19, and 31 months
after fall treatment
Treatment
Untreated

Rate
g ai ha-1
---

Timing

June 2019

Cover
October 2019
June 2020
_%

June 2021

Spring

47 a

39 a

66 a

56

2,4-D

b

1,065

Spring

37 ab

29 ab

80 a

56

Glyphosate

92,818

Spring

32 ab

21 bc

54 ab

53

Metsulfuron

21

Spring

8b

10 c

24 b

41

Metsulfuron

42

Spring

0b

10 c

14 b

33

2,4-D

b

1,065

Fall

39 a

36 a

72 a

59

Glyphosate
Metsulfuron

92,818
21

Fall

32 ab

15 bc

66 a

51

Fall

6b

9c

16 b

49

Metsulfuron

42

Fall

2b

10 c

22 b

P-value

0.0000

0.0004

35
c

0.0793

0.261

a

Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05)
Rates of 2,4-D given in g ae ha-1
c
Due to missing reps, Fisher’s Protected LSD comparison was made with P ≤ 0.10
b
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In the Maple Dell trial, 8 months after treatment in May 2020, all treatments of
metsulfuron alone, combined with indaziflam, or combined with penoxsulam and oxyfluorfen
reduced A. petiolata cover from 90.9 to 100% at 0 to 2 % cover. In spring of 2021, regardless of
treatment all A. petiolata cover at the sites was significantly reduced in response to drought.
Cover in the untreated plots dropped from 29% in fall of 2019 to 10% in June of 2021. There was
no difference between treatment cover at the June 2021 evaluation, likely due to drought (Table
2-5, Figure 2-2).

Table 2-5. Maple Dell 2019 trial Alliaria petiolata canopy cover 0, 8, and 20 months after fall treatment.
Cover
Treatment
Rate
Timing September 2019
May 2020
g ai ha-1

June 2021

%

Untreated

---

Fall

29

22 a

10

Metsulfuron

21

Fall

27

1b

13

Metsulfuron + Indaziflam

21 + 73

Fall

44

1b

1

Metsulfuron + Indaziflam

21 + 44

Fall

37

0b

11

Penoxsulam +Oxyfluorfen

12 + 551

Fall

31

15 a

2

12 + 551 + 21

Fall

44

2b

11

0.4624

0.0029

0.0695

Penoxsulam + Oxyfluorfen + Metsulfuron
P value
a

Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05)
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Greenhouse trials. As the two greenhouse trials were performed in the summer and the
winter, biomass data was variable between the two runs. Non-linear regression found GR50 values
for each run, with 0.058 and 0.059 g ai ha-1 for metsulfuron, 10.13 and 20.31 g ai ha-1 for
glyphosate, 805.56 and 865.45 g ae ha-1 for 2,4-D, and 4.143 g ae ha-1 for triclopyr (Figure 2-4,
Table 2-6). In the case of metsulfuron, glyphosate, and triclopyr these values were well below
the recommended rates for forest understories, indicating A. petiolata sensitivity to field
application rates. However, the GR50 value range for 2,4-D falls within the approved field
application rates, suggesting these rates would be insufficient in A. petiolata management.
Although reduction in size of plants was observed when treated with 4,259 and 8,519 g ae ha-1 of
2,4-D under greenhouse conditions, plants were sufficiently robust following treatment to suggest
regrowth and long-term survival would be possible under field conditions even at these high rates
(Figure 2-3, Figure 2-4).
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Figure 2-3. Images of Alliaria petiolata plant response to four herbicides allied to potted plants in
the greenhouse. Green shading indicates rates applied in the field trials, yellow shading illustrates
the rates registered for use in forested areas, and blue shading represents the GR50 values
determined by non-linear regression.

Table 2-6. Parameter estimates for 4-parameter dose-response curves describing Alliaria petiolata response to four herbicides (Equation 1)a.
GR50(𝑥𝑥)
Slope (𝑏𝑏)
Herbicide
Run
Min (c)
Max (d) b
Metsulfuron
1
2.572 (0.639)
4.319 (0.431)
0.059 (0.051)
1.739 (2.349)
2
2.171 (0.325)
3.655 (0.253)
0.058 (0.028)
2.597 (2.797)
Glyphosate
1
1.623 (0.294)
4.233 (0.290)
10.129 (3.277)
1.705 (0.847)
2
1.003 (0.198)
3.806 (0.159)
20.308 (2.327)
4.867 (3.694)
Triclopyr
2
1.713 (0.263)
3.339 (0.164)
4.143 (1.333)
2.935 (1.657)
2,4-D
1
2.226 (0.898)
41.63 (0.353)
865.45 (1162.34)
0.891 (0.746)
2
1.782 (0.950)
3.830 (0.359)
805.56 (1151.17)
0.828 (0.709)
a

Values are followed by standard errors in parentheses. Parameter estimates are based on dry aboveground biomass data.
values are in g ai ha-1 for metsulfuron and glyphosate and g ae ha-1 for the other herbicides.

b GR
50

52

53

Figure 2-4. Response of garlic mustard to increasing doses of four herbicides across two
experimental runs. Dashed and solid vertical lines represent the GR50 of each herbicide for Run 1
and 2, respectively.
All trials. Of the five treatments of 2,4-D alone applied in the spring or fall, there was
only one instance when the treatment significantly reduced A. petiolata cover. This occurred in
the Park City 02 trial in an assessment conducted two months after a June treatment; the impact
did not persist in later assessments and was not reflected in the same treatment applied in July in
the adjacent Park City 01 trial (Table 2-2, Table 2-3). This observation, as well as greenhouse
trial results, are important as 2,4-D is approved for use by many land management agencies and is
relatively inexpensive. Consequently, it is a commonly used herbicide for broadleaf control in
natural areas, including in A. petiolata management.
However, results were notably different when 2,4-D was combined with indaziflam.
These treatments were observed to significantly reduce A. petiolata cover, particularly at higher
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rates of indaziflam. This is interesting indaziflam alone did not significantly reduce A. petiolata
cover in most cases. The one exception was 23 months after treatment in the Park City 01 trial
mature plant density counts began to reflect seedbank suppression from two years earlier (Table
2-2). Combining 2,4-D with indaziflam improved 2,4-D long-term and immediate control, and
2,4-D appears to have done the same for indaziflam.
This same relationship likely exists between metsulfuron and indaziflam, but additional
years of data are required to determine if indaziflam improves metsulfuron control longevity as
metsulfuron alone provided multiple years of control. Metsulfuron alone applied in the spring or
the fall significantly reduced A. petiolata cover up to 2 years after treatment in the Maple Lake
2018 trial (Table 2-4). Metsulfuron combined with indaziflam or alone provided excellent control
of A. petiolata 8 months after treatment in Maple Dell and improved effectiveness of penoxsulam
and oxyfluorfen (Table 2-5). It is likely that if impact differences exist, these will be observed in
the third year after treatment, as the metsulfuron treatment alone in the Maple Lake 2018 trial is
no longer suppressing A. petiolata by the third year. We have yet to see indaziflam impacts three
years after treatment, although these may be observed more clearly at that time as seedlings
suppressed in the first and second year after treatment would be expected to exist in the third year
as mature plants. A separation of performance of metsulfuron alone or combined with indaziflam
may be observed in the coming year. However, it is important to note that metsulfuron treatments
were always included in those resulting in the greatest reduction in A. petiolata cover at each
assessment and is a potent treatment option alone or in combination with other treatments.
Glyphosate was applied at an extremely high rate in our study and was observed in both
the greenhouse and in the field to quickly kill A. petiolata plants. However, it was also observed
that at the extremely high rate applied in our field trial this treatment was no longer significant 23
months after treatment (Table 2-4). As noted in previous studies, it would be necessary to repeat
glyphosate treatments for years until the seedbank becomes exhausted.
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In all treatments there was no difference between spring and fall application timings on
reduction of A. petiolata cover. In future efforts, managers may take advantage of this to schedule
their treatment plans according to their team’s needs and the growth cycles of desirable
vegetation. In all field treatments and trials, cover of desirable vegetation was no different from
the untreated control, indicating that treatments neither reduced nor increased cover of desirable
understory vegetation (Table 2-2, Table 2-3, Table 2-5, Table 2-4).
Even the highest performing treatments did not maintain 100% control of A. petiolata
two years after treatment. Our findings do not refute but support the established belief that
repeated treatments and combinations of other control practices are necessary for long-term A.
petiolata management. However, chemical treatment options are available and are viable
management options that may be implemented into an integrated management plan.
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CHAPTER 3
MANAGEMENT OF SAHARA MUSTARD (BRASSICA TOURNEFORTII) IN
SOUTHWEST UTAH
Abstract
Sahara mustard (Brassica tournefortii Gouan.) is an invasive annual increasing in
distribution throughout North American ecosystems, displacing native plant species and
increasing wild fire fuel loads. The purpose of this study was to compare impacts of handweeding, herbicide application timing, and preemergence and postemergence herbicide activity
on B. tournefortii populations. Three trials were established in 2017, 2018, and 2019 near Quail
Creek Reservoir in Hurricane, Utah. All trials included three fall treatments of indaziflam at 15,
44, 73 or 104 g ai ha-1 with the addition of imazapic at 105 g ai ha-1 in the 2019 trial. Spring
applied treatments included imazapic at 105 g ai ha-1, metsulfuron at 32 g ai ha-1, 2,4 –D at 560
and 1,120 g ae ha-1, and 2,4-D at 1,120 g ae ha-1 combined with indaziflam at 73 g ai ha-1. Each
trial included a hand-weeded treatment repeated every spring up to three years after initial
treatment. In the first 1 to 3 months after treatment, all treatments significantly reduced B.
tournefortii densities with the exception of hand-weeding in the 2017 trial. In the first year after
treatment, all hand-weeded treatments were not significantly different from the untreated in all
trials and all treatments including indaziflam and imazapic continued to significantly reduce
densities. In the second and third year after treatment, all indaziflam treatments remained
significantly lower in density than untreated plots. In the fourth year following treatment, no
significant reduction in density existed in any of the treatments, although a non-significant
reduction in densities continued in plots treated with indaziflam. Brassica tournefortii appears to
be responsive to a range of postemergence and preemergence herbicides and physical removal
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immediately following treatment, and indaziflam applications may potentially reduce B.
tournefortii populations up to three years following treatment.
Introduction
Sahara mustard (Brassica tournefortii Gouan.) is a winter annual native to the deserts of
North Africa, the Middle East, and the Mediterranean regions of Southern Europe (Minnich and
Sanders 2000, Trader et al. 2006, Bangle et al. 2008, Abella et al. 2011, Berry et al. 2014). Even
in its native environment it is considered a weedy species (Bangle et al. 2008, Abd El-Gawad
2013). In North America, it was first documented in Coachella Valley, California in 1927,
experienced a population explosion in California during the abnormally wet years of 1978 to
1983, and became abundant in the Mojave and Sonoran Desert in the following decades (Minnich
and Sanders 2000, Trader et al. 2006, Minnich 2008, Abella et al 2011, Berry et al. 2014). By
2014, populations had spread through the Sonoran and Mojave Deserts in Mexico, Arizona, New
Mexico, Southern Nevada, Texas, and Utah (Minnich and Sanders 2000, Bangle et al. 2008,
Berry et al. 2014) Significant areas of land where B. tournefortii is not currently present are
considered suitable habitat for establishment throughout the state of Utah and neighboring states,
and it is considered a high-risk species for spread and negative ecological impacts in the U.S.
(USDA, 2021).
Brassica tournefortii is flexible in its habitat and resource needs, requiring very little soil
to germinate and surviving in a range of salinity and moisture levels (Abella et al. 2011, Berry et
al. 2014). It flourishes in arid areas with high temperatures and average annual rainfalls as low as
11 cm (Minnich and Sanders 2000, Malusa et al. 2003). It can be found at elevations up to 1,000
m, but is especially common below 305 m (Minnich and Sanders 2000, Berry et al. 2014). It
establishes well in sandy soils, and is commonly found in dunes, sandy flats, and sandy-gravelly
washes (Minnich and Sanders 2000, Berry et al. 2014). Brassica tournefortii is frequently

61
observed growing in areas with 7 to 15% cover of native perennial species, and establishes in
high concentrations in the moist and nutrient-rich soil immediately surrounding native perennial
vegetation (Malusa et al. 2003, Berry et al. 2014).
Brassica tournefortii commonly establishes first on roadsides, where soil is disturbed and
moisture is abundant, then spreads into disturbed areas such as neglected fields, invasive
grasslands, ephemeral water courses, and wind-blown sand deposits (Minnich and Sanders 2000,
Malusa et al. 2003, Berry et al. 2014). Though disturbance promotes establishment, B.
tournefortii can establish in relatively undisturbed desert areas such as sand dunes and creosote
flats (Minnich and Sanders 2000, Abella et al. 2011, Berry et al. 2014) Although invasion of
agricultural lands is not yet of great concern in North America, B. tournefortii cropland invasion
is occurring in Australia, where researchers have observed significant reductions in crop yields in
harvests where even relatively small numbers of B. tournefortii plants were present (Bangle et al.
2008).
Seeds may germinate from the late fall to spring, completing the life cycle and drying by
April or May (Trader et al. 2006, Suazo et al. 2012, Berry et al. 2014). This life cycle is flexible
in response to environmental conditions. Brassica tournefortii is primarily a winter annual but
will take advantage of sufficient moisture events regardless of the time of year (Minnich and
Sanders 2000, Abd El-Gawad 2013, Berry et al. 2014).
The seedbank is highly responsive to precipitation, with as little as 4 cm of moisture
triggering significant germination when temperatures are sufficiently low (Minnich and Sanders
2000). The most significant wave of germination follows the first winter rains of the Mojave and
Sonoran Desert winter rain cycles (Minnich and Sanders 2000, Trader et al. 2006, Minnich 2008,
Berry et al. 2014). Late winter or spring rains may result in a second generation in a single year
with fruit in May (Bangle et. al 2008). Germination may occur in the summer following a
monsoon, though germination is highest between temperatures of 15 and 25 C (Malusa et al.
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2003, Trader et al. 2006). Conversely, in drought years, few B. tournefortii seeds may germinate,
dissembling the actual extent of the infestation until the next significant rain event (Bangle et al.
2008). The maximum time seeds may remain viable in soil pending such a rain event is unknown,
though seedbank germination has been observed up to 3 years after seed set (Abella et al. 2013,
Mahajan et al. 2020, USDA 2021). This life cycle plasticity in response to moisture and
temperature, as well as fire cycles, necessitates the utilization of long-term trends as opposed to
year-to-year comparisons when determining the true spread and impact of B. tournefortii
(Minnich and Sanders 2000).
Like many mustards, B. tournefortii may allelopathically disrupt surrounding vegetation
(Abd el-Gawad 2013). However, B. tournefortii is extremely successful in direct competition
with native grasses and annuals for water, nutrients, and light (Minnich and Sanders 2000,
Minnich 2008, Berry et al. 2014). Brassica tournefortii germinates early and grows rapidly,
allowing plants to produce seed before many native species have begun to flower (Minnich and
Sanders 2000, Trader et al. 2006, Abd El-Gawad 2013, Berry et al. 2014). During the rapid
growth stage, B. tournefortii utilizes all moisture available, then monopolizes sunlight as plants
form a dense canopy and become the dominant plant species in the system (Minnich and Sanders
2000, Trader et al. 2006, Gorecki et al. 2012, Berry et al. 2014). The height of the plant alone,
averaging 50 cm tall, provides B. tournefortii with an advantage over surrounding native
vegetation, where many species range from 9 to 30 cm in height (Bangle et al. 2008).
As B. tournefortii reproduces solely by seed, significant energy is allocated to seed
production, with single plants producing between 750 and 9000 seeds (Minnich and Sanders
2000, Trader et al. 2006, Berry et al. 2014). High seed production and high germination rates,
ranging from 86 to 100%, present another competitive advantage over native plant species
(Minnich and Sanders 2000, Bangle et al. 2008, Berry et al 2014). At this high rate of seedling
recruitment, populations establish in solid stands in densities from 5 to 625 plants per square
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meter (Minnich and Sanders 2000, Bangle et al. 2008). Seeds do not require a long dormancy
period to germinate, but are poised to take advantage of moisture events en masse, while many
native annual seedbanks have significant longevity and are resistant to mass germination
(Minnich and Sanders 2000, Suazo et al. 2012). Additionally, as B. tournefortii is selfcompatible, each seed could potentially propagate and colonize a new area (Minnich and Sanders,
2000). Because of these characteristics, growth and establishment may become exponential in a
short amount of time.
As B. tournefortii populations increase, the diversity and biomass of native vegetation
decrease (VanTassel et al. 2013). This has implications for wildlife habitat suitability (Berry et al.
2014). For example, arthropod abundance and species richness has been found to decrease with
increases in B. tournefortii populations (VanTassel et al. 2013).
In addition to directly displacing native vegetation and wildlife, B. tournefortii
populations may exacerbate and contribute to ecologically disruptive wildfires (Berry et al. 2014).
With populations reported to produce up to 3 tons ha-1 of biomass 2 to 3 months after
germination, B. tournefortii increases fuel loads in areas where continuous fuel loads are not
naturally available (Minnich and Sanders 2000, Trader et al. 2006). Historically, the Mojave and
Sonoran Deserts burn rarely. With native vegetation growing sparsely between shrubs, fire spread
is limited from the point of ignition (Trader et al. 2006). Invasive annuals such as B. tournefortii
and brome species provide a continuous fuel load between these islands of fuel (Trader et al.
2006). While B. tournefortii and other non-native vegetation may reestablish quickly after fire, it
takes time for native vegetation to reestablish, leading to a vicious cycle of fire, invasive annual
establishment, and a decrease in native vegetation cover (Trader et al. 2006).
Physical removal and chemical treatments are the most commonly implemented
techniques in B. tournefortii management. In both cases, it is important to note that removal of
some plants in an infestation may only improve the health and vitality of remaining plants (Trader

64
et al. 2006). For example, hoeing or applying glyphosate to rosettes has been found to reduce
plant density by 20 to 30% and seed production by 20% without negatively impacting biomass as
residual B. tournefortii plants took advantage of competitive pressure alleviation (Brooks et al.
2006). Additionally, removing plants may result in increased rates of germination as resources
become available to the seedbank (Berry et al. 2014). Consequently, frequent monitoring and
repeated management is recommended to remove overlooked or new plants when spot treating or
physically removing plants (Trader et al. 2006).
As the primary goal in managing mature plants is prevention of viable seed production, it
is vital to consider seed pod maturity and seed viability when physically treating plants (Trader et
al. 2006). Ideally, physical removal should be performed before fruit development as seeds may
become viable even after the plant is clipped or uprooted (Abella et al. 2013, Berry et al. 2014).
Physical treatments such as hand-weeding, clipping and hoeing can be effective in
limited areas when performed before seeds mature or when plant material is removed from the
site (Minnich and Sanders 2000, Brooks et al 2006, Abella et al. 2013). For larger areas, however,
such physical treatments can become expensive and time-consuming. It is estimated that in areas
greater than 0.2 ha manual removal is more expensive than herbicide treatments (Brooks et al.
2006). Furthermore, as soil disturbance is linked to B. tournefortii spread, manual removal of
plants may facilitate population establishment (Minnich and Sanders 2000).
When applied to various stages of fruiting plants, treatments of 1.5% glyphosate, 1.5%
2,4-D, and metsulfuron at 0.25 g L-1 prevented 100% of developed and undeveloped seeds from
germinating (Abella et al. 2013). Glyphosate, a nonselective herbicide, has been found to be
effective with minimal impact on desirable vegetation if applied to plants before flowering
(Marushia et al. 2010, DiTomaso et al. 2013, Berry et al. 2014). Although glyphosate appears
most often in the scientific literature as a potential tool in management of B. tournefortii, it has
been described as providing only fair control (DiTomaso et al. 2013). Unlike glyphosate, 2,4-D
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and metsulfuron are selective for broadleaf species and may be expected to cause minimal injury
to native grasses (DiTomaso et al. 2013). While both glyphosate and 2,4-D have no soil activity,
metsulfuron may have some residual control on the seedbank, and is recommended as a broadcast
herbicide at rates of 1.5 to 3.0 oz ai ha-1 (DiTomaso et al. 2013). Other postemergence herbicides
found to control B. tournefortii include the broadleaf-selective herbicides chlorsulfuron and
triclopyr (DiTomaso et al. 2013).
Selective for certain broadleaf and grass species and well-known for residual activity in
annual grass management, imazapic is also recommended for B. tournefortii management (Baker
et al. 2009). This preemergence activity, however, can be variable. Preemergence herbicides have
been suggested but not widely implemented for B. tournefortii management (DiTomaso et al.
2013).
Long-term B. tournefortii management plans have primarily focused on annual
prevention of seedbank supplementation via the application of postemergence herbicides or
removing existing plants before seed pod development (Minnich and Sanders 2000, Trader et al.
2006, Abella et al. 2013, Berry et al. 2014). The purpose of this study was to compare effects of
hand-weeding, postemergence applications and preemergence applications of indaziflam on B.
tournefortii densities over time. Research plots were established in Hurricane, Utah and assessed
every spring to determine these impacts. As Utah is currently the northern boundary of the range
and previous life history statistics were collected at lower elevations, observation plots were
created in 2019 to study life history patterns and plant behavior over time. In addition to impacts
on B. tournefortii, time spent hand-weeding was measured annually and recorded for cost
analysis.
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Materials and Methods
Site description. Three field trials were established on State of Utah land adjacent to
Quail Creek State Park (37°11'38.2"N 113°23'30.7"W elevation of 921 m) in 2017, 2018, and
2019. The site was a boulder-studded slope of eastern aspect vegetated by a mixed shrub
community. Intershrub spaces are densely populated with B. tournefortii and invasive annual
grasses. The soil is a sandy loam with a pH of 7.9 and organic matter of 1.1% with low iron and
sulfate levels (Table 3-1).

Table 3-1. Soil characteristics of Brassica tournefortii trials.
Site

Soil texture

Soil
pH

Quail Creek Reservoir

Sandy Loam

7.9

Organic
matter
%
1.1

Salinity
dS m-1
0.57

P

K

N

8.70

181

2.37

Z
Fe
mg kg-1_
0.43

3.07

Cu

Mn

S

0.59

7.42

3.6
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Treatments. Treatments were arranged in a completely randomized block design with
four repetitions. In all trials, treatment plots were 3 m wide and 9 m long. All trials included three
fall treatments of indaziflam (Esplanade®, 200 g L-1, Bayer Environmental Science, A Division
of Bayer CropScience LP, 5000 Centre Green Way, Suite 400, Cary, North Carolina) , with 2017
including a higher rate and dropping the lowest rate in the 2018 and 2019 trials. The 2019 trial
also included a fall treatment of imazapic (Plateau®, 240 g ae ha-1 , BASF Corporation, 26 Davis
Drive, Research Triangle Park, North Carolina). All treatments in all trials included 0.25% v/v
non-ionic surfactant and were applied with a CO2-pressurized backpack at a spray volume of 168
L ha-1 at 276 kPa of pressure. The fall treatments were applied December 2017, October 2018,
and November 2019 for the 2017, 2018, and 2019 trials, respectively before seedling emergence.
Spring treatments included hand-weeding, imazapic, metsulfuron (Escort® XP, 60%,
Bayer Environmental Science, A Division of Bayer CropScience LP, 5000 Centre Green Way,
Suite 400, Cary, North Carolina), 2,4 -D (Alligare 2,4-D Amine, 455 g ae L-1, Alligare, LLC,
Opelika, AL) at a high and low rate, and 2,4-D at the high rate combined with indaziflam. 2017
trial spring treatments were performed in March 2018 when B. tournefortii plants averaged 5 cm
in height. 2018 trial spring treatments were performed in January 2019 when B. tournefortii
plants averaged 10 cm in height. For the 2019 trial, spring treatments were applied in March 2020
when B. tournefortii plants averaged 33 cm in height.
Following initial treatment, hand-weeding took place in March or early April every year
until April of 2021 for the 2017 and 2019 trials and March of 2022 for the 2019 trial. Pulled
plants were removed from the plots and deposited outside of the trial area to prevent reseeding.
Data collection. Evaluations were conducted 1 to 2 months after spring treatment.
Subsequent evaluations took place in March or early April annually. Brassica tournefortii
densities were counted within one 2.4 m by 8.5 m frame in all but the 2022 assessment. As plant
densities were particularly high in 2022, plants were counted within two 0.5 m2 frames positioned
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approximately 1 meter within each end of the plot. Densities were converted to number of B.
tournefortii plants m-2 for comparison.
Time spent hand-weeding each plot was measured on personal stopwatches by the
individual engaged in hand-weeding. Time spent removing pulled plants from the area or
surveying the plot for missed plants was not included. The 2020 hand-weeding took place a
month before densities were rated, and consequently densities recorded on the April assessment
date reflected impacts of the most recent hand-weeding instead of accumulated impacts over time.
All other years of ratings were performed immediately before the annual hand-weeding, except
the 2018 assessment of the 2017 trial, which was conducted 1 month after spring treatments to
compare immediate impacts to B. tournefortii densities. For the spring 2020 hand-weeding data,
therefore, the number of plants pulled in the entire plot the month earlier were converted to
number of plants m-2 and compared to all other treatment density data to represent results more
accurately.
In March of 2022, a count of desirable vegetation seedlings was collected in a 0.5 m2
frame positioned approximately 1 meter within the front of each plot. When densities of a species
were over 100 in number, total number was visually estimated. Due to the cursory nature of this
data collection, results were not analyzed but viewed as presence/absence data to indicate future
avenues of research.
Data analysis. Variance and normality checks were conducted for the data in NCSS
(NCSS 2021 Statistical Software, 2021). If data failed to meet variance and normality
assumptions, log, square, square root, cube root, or arcsine transformations were applied.
Although transformations did not always improve variance and normality, all data was included
in the final analysis with all raw data values shown. Overall densities fluctuated significantly
between years rendering repeated measures analysis unhelpful. Instead, data were analyzed using
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ANOVA and treatment means were separated within a year with Fisher’s Protected LSD (p ≤
0.05).
The number of plants removed in the hand-weeded plots was converted to plants
removed per m2 and used to calculate an overall average in time required to weed a square meter
of B. tournefortii each year. An overall average of the yearly standard deviation over the course
of the study was then calculated. A scatter plot of plant densities by seconds spent hand-weeding
was created and fitted with a power regression line and R2 value calculated in Microsoft Excel.
Results and Discussion
In the first 1 to 4 months after treatment, all treatments reduced B. tournefortii densities
for all trials. (Table 3-2, Table 3-3, Table 3-4). In the 2017 trial, one year after the spring
treatment all treatments except 2,4-D at the low rate and hand-weeding continued to reduce
densities. The second year after treatment the only treatments to reduce B. tournefortii densities
were indaziflam treatments. Three years after treatment only imazapic and indaziflam treatments
reduced plant densities. Four years after treatment no treatment was significantly lower in plant
densities than the control, although there was a visible, if non-significant, decrease in plant
densities in all indaziflam treatments. Densities in the 2,4-D plots were found to be significantly
higher than the untreated at this rating. (Table 3-2)

Table 3-2. 2017 Quail Creek Trial Brassica tournefortii densities collected 4, 15, 28, 40, and 51 months after spring treatment (March 2018) and 1,
12, 25, 48 and 59 months after fall treatment (December 2017).
Densitya
Treatment
Rate
Timing April 2018
March 2019
April 2020
April 2021
March 2022
g ai ha-1
plants m-2
Untreated

---

Spring

7.88 a

1.38 a

1.80 bc

4.70 ab

21.25 b-f

Hand-weeded

---

Spring

0.00 b

1.17 ab

8.14 a

3.23 bc

25.00 b-e

Metsulfuron

32

Spring

0.00 b

0.49 bc

2.75 b

6.32 a

24.75 b-f

Imazapic

105

Spring

0.00 b

0.00 c

1.67 bc

1.33 cd

31.50 b

2,4-D

560b

Spring

0.00 b

1.01 ab

1.60 b-d

5.72 a

50.25 a

2,4-D

1,120

Spring

0.00 b

0.17 c

1.60 b-d

4.28 ab

29.25 bc

1,120 + 73

Spring

0.00 b

0.00 c

0.47 de

0.80 cd

9.00 f

Indaziflam

44

Fall

0.00 b

0.00 c

0.80 c-e

1.32 cd

11.73 ef

Indaziflam

73

Fall

0.00 b

0.00 c

0.35 e

0.61 d

10.31 ef

Indaziflam

104

Fall

0.00 b

0.00 c

0.44 e

0.78 d

13.79 c-f

2,4-D + Indaziflam

P value
< 0.0001
0.0008
< 0.0001
< 0.0001
< 0.0001
Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05)
b
2,4-D rates are given in g ae ha-1
a
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Table 3-3. 2018 Quail Creek Trial Brassica tournefortii densities collected 2, 15, 27, and 38 months after spring treatment (January 2019) and 5,
17, 29, and 40 months after fall treatment (October 2018).
Densitya
Treatment
Rate
Timing March 2019
April 2020
April 2021
March 2022
g ai ha-1
plants m-2
Untreated

---

Spring

1.63 a

1.09 b

4.70 a

32.5 a

Hand-weeded

---

Spring

1.54 a

5.01 a

1.12 bc

24.75 ab

Metsulfuron

32

Spring

0.08 b

2.63 ab

4.14 a

34.25 a

Imazapic

105

Spring

0.00 b

1.86 b

2.92 ab

30.25 a

2,4-D

560b

Spring

0.01 b

2.11 b

1.05 bc

28.25 a

2,4-D

1,120

Spring

0.00 b

0.95 b

1.79 bc

17.5 ab

1,120 + 73

Spring

0.00 b

0.00 b

0.02 c

0.715 c

Indaziflam

15

Fall

0.00 b

0.64 b

1.15 bc

23.09 ab

Indaziflam

44

Fall

0.00 b

0.05 b

0.26 c

10.84 bc

Indaziflam

73

Fall

0.00 b

0.12 b

0.40 c

2.00 c

0.0172

0.0191

0.0001

0.0003

2,4-D + Indaziflam

P value
a
b

Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05)
2,4-D rates are given in g ae ha-1

72

Table 3-4. 2019 Quail Creek Trial Brassica tournefortii densities collected 1, 13, and 24 months after spring treatment (March 2020) and 5, 17,
and 28 months after fall treatment (November 2019).
Densitya
April 2021
March 2022
Treatment
Rate
Timing April 2020
-1
-2
g ai ha
plants m
Untreated
--Spring
2.46 a
7.20 c
98.50 bc
Hand-weeded

---

Spring

0.71 b

12.53 ab

127.00 ab

Metsulfuron

32

Spring

0.00 b

9.75 a-c

144.75 a

Imazapic

105

Spring

0.42 b

0.08 d

72.50 c

2,4-D

560b

Spring

0.17 b

13.74 a

125.25 ab

1,120

Spring

0.26 b

9.11 a-c

98.00 bc

1,120b + 73

Spring

0.00 b

0.07 d

0.00 d

Indaziflam

15

Fall

0.02 b

0.00 d

0.02 d

Indaziflam

44

Fall

0.02 b

0.00 d

0.78 d

Indaziflam

73

Fall

0.04 b

0.00 d

0.02 d

Imazapic

105

Fall

0.00 b

1.71 d

96.50 bc

0.0002

< 0.0001

< 0.0001

2,4-D
2,4-D + Indaziflam

P value
a
b

b

Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05)
2,4-D rates are given in g ae ha-1

73
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In the 2018 trial, the first year following treatment, no treatments resulted in lower
densities than the untreated, although indaziflam treatments were noticeably low in densities at
the higher rates with no plants present in the 2,4-D and indaziflam combination treated plot. In
the second year all indaziflam treatments, 2,4-D at the low rate, and hand-weeded treatments
were lower in density than the untreated. In the third year, as in the 2017 trial, only indaziflam at
the highest rates (equivalent to the two lowest rates in the 2017 trial) and combined with 2,4-D
continued to reduce plant densities. This rating of the 2018 trial was performed in 2022, a year
where overall plant densities were significantly higher than in previous years. The difference
between the untreated and the indaziflam treatments was particularly noticeable in this year, with
a 97.8% decrease in density in the 2,4-D and indaziflam combination, a 93.8% decrease in the
highest rate of indaziflam, and 66.6% decrease in the medium rate of indaziflam (Table 3-3).
In the first year of the 2019 trial the only treatments to maintain a significant density
reduction were those including indaziflam or imazapic applied in the spring or fall. In the second
year all indaziflam continued to suppress germination and reduce plant densities. Metsulfuron
treatments increased in density compared to the control (Table 3-4).
Hand-weeding. Over all years an average rate of hand-weeding was 36 seconds m-2 of B.
tournefortii infested land with SD=23.05. Averages by year ranged from 15 to 74 seconds m-2
(Table 3-5). High variation is unsurprising, as plant densities changed significantly from year to
year and six different individuals participated in the hand-weeding. The trendline of best fit for
the time spent hand-weeding by plant density data was y = 0.0001x1.6947 with a strong fit of R² =
0.7256 (Figure 3-1). In other terms, to clear one hectare of land by hand would require 41 to 206
man hours or $496.32 to $2,467.33 at an average of 100 hours or $1,199.67.
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Table 3-5. Average time in seconds spent hand-weeding 1 m2 area by year.
Plant removal rate
2018

2019

2020

2021

2022

-2

sec m
Year average

20.8

14.9

34.1

36.1

74.0

Standard deviation

13.6

12.4

21.8

25.3

13.1

Total average of 36.0 seconds m-2 with standard deviation of 23.1

76

120

Density (plants m-2)

100
80
60

y = 0.0001x1.6947
R² = 0.7256

40
20
0

0

500

1000

1500

2000

2500

Time (s)
Figure 3-1. Response of time required for hand-weeding as plant densities increase.

All treatments. It is worth noting that B. tournefortii was responsive to a variety of
herbicides and physical treatments. All treatments reduced B. tournefortii populations in the first
months following applications, with all density means reduced to well below 1 plant m-2 and
many treatments completely eliminating B. tournefortii plants. However, it is clear that
preemergence applications provided long-term control.
At almost every assessment indaziflam treatments reduced B. tournefortii densities. The
only exceptions were four years after treatment in the 2017 trial and in the first year after
treatment in the 2018 trial. In both of these cases, however, a non-significant but visible decrease
in densities existed for indaziflam treated plots. The lack of significance in the 2018 trial may be
attributed to the significant increase of densities in metsulfuron treated plots skewing the data. In
any case, indaziflam treatments were extremely effective in preventing B. tournefortii emergence
over multiple years.
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It is important to note that treatment impacts may increase in longevity if applied to
larger areas of land as reseeding of treated plots could be easily accomplished by vegetation in
neighboring plots. The plants found in the indaziflam treated plots appeared in the plot edges or
under rock overhangs protected from the initial spray application. These observations indicate
that although indaziflam treatments are observed to be highly effective, monitoring for new plants
and prevention of seed introduction would remain crucial in management efforts.
Although the other herbicide impacts were effective immediately following treatment,
impacts on densities were not as persistent as indaziflam treatments. Effects of both rates of 2,4-D
rarely persisted beyond the first year following treatment unless combined with indaziflam. In all
trials, in the first or second year following treatment, plant densities increased significantly in
metsulfuron treated plots in comparison to the untreated control if hand-weeded densities were
ignored in analysis. A possible explanation could be that metsulfuron removed a biotic agent
from the plots which impeded against B. tournefortii establishment in other plots. Regardless of
the cause, metsulfuron and 2,4-D treatments were not successful in reducing densities in the
growing seasons following spring treatments.
Imazapic residual control was observed occasionally into the first, second, and in one
instance, third year after treatment. However, this impact was not consistent across all trials. The
fall imazapic treatment included in the 2019 trial did not significantly reduce plant densities
compared to the control in the second year after treatment. The spring treatment did significantly
reduce densities. However, these two treatments were not significantly different from each other.
Additional tests would be necessary to determine if spring or fall applications of imazapic
exercise greater long-term control of B. tournefortii. (Table 3-4)
For most assessments, hand-weeding did not significantly reduce densities the year
following treatment. In addition to having little or no impact on B. tournefortii populations by the
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following growing season, hand-weeding remains a labor- and time-intensive process that will
require repetition over multiple years over a wide area to exhaust the seedbank.
The cursory seedling survey in the spring of 2021 failed to find significant differences in
desirable seedling densities between treatments. However, it was observed that desert onion
(Allium macropetalum Rydb.) was only observed growing in plots treated with indaziflam.
Indaziflam impact on desirable annuals and perennials requires additional data and research.
Plant densities significantly increased in the 2022 assessment from the previous data
assessments. However, biomass from 2020 to 2022 dropped visibly in response to drought
(Figure 3-2). Consistent with previous research, B. tournefortii growth and size is plastic in
response to water availability. When few plants are present and competition pressure is alleviated,
plants are large, while significant germination followed by dry conditions may result in high
densities but small plants as seen in the 2022 assessment (Figure 3-2).
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Figure 3-2. Weather data from 2017 to 2022 for the trials adjacent to Quail Creek Reservoir (St.
George, UT weather station NOAA- ACIS).
As no life history data has been collected on B. tournefortii in Utah, 1 m2 observation
plots were positioned in varying microsite topographies in 2019. Plot 1 was positioned on an eastfacing slope and was dominated by two white bursage shrubs (Ambrosia dumosa (A.Gray)
W.W.Payne). Plot 2 was positioned on a south-facing spur of a small draw, with Plot 3 positioned
on an east- facing slope with no shrub cover. Visits were made to the observation plots monthly
from November 2019 to May 2020 with the exception of January and February when no visit was
made. Visits were repeated in April of 2021 and March of 2022. Plant densities, life stage, and
heights were recorded at each visit. No one observation plot maintained highest or lowest
densities for all visits made. Overall densities were highest in the December assessment, ranging
from 48.4 to 199.1 B. tournefortii seedlings m-2. Timing of germination as early as December
suggests that the winter germination pattern indicated in other states is consistent for the state of
Utah. Although observation plots did not reflect this, we observed B. tournefortii populations
establish most densely on south-facing slopes in Utah as opposed to a north-facing slope
preference observed in neighboring states under higher temperatures and lower elevations
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(Malusa et al. 2003). As this observation suggests that B. tournefortii populations in Utah are
seeking rather than avoiding additional thermal energy and light, perhaps distribution will fail to
extend into colder Utah environments.
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CHAPTER 4
CHEMICAL MANAGEMENT OF ELONGATED MUSTARD (BRASSICA ELONGATA)
IN NORTHERN UTAH AND SOUTHERN IDAHO
Abstract
Elongated mustard [Brassica elongata ssp. integrifolia (Boiss) Brestr.] is a an annual,
biennial, or simple perennial native to Eurasia and spreading throughout the Western United
States with negative impacts on rangelands and natural areas. The purpose of this study was to
compare effects of a variety of herbicides and application timings on B. elongata populations. In
2017 and 2020, seven trials were established in four different sites in Newton, Utah and Weston,
Idaho. Plots in each trial were arranged in a completely randomized block design pattern with
four treatment replications. Treatments included combinations of imazamox, imazethapyr,
imazapic, glyphosate, chlorsulfuron, metsulfuron, 2,4-D, dicamba, and indaziflam applied in the
spring and fall.
In the 2017 trial, B. elongata densities were collected every spring following treatment
with the final assessment in the spring of 2021. In the six trials created in 2020, densities were
collected in the spring and fall of 2021 with cover data collected by line point intercept method in
the summer. In all trials where significant differences existed, all treatments were observed to
significantly reduce B. elongata densities in the first year following treatment except dicamba,
and in some instances, imazamox or indaziflam alone. In the second year following treatment,
chlorsulfuron and spring-applied 2,4-D or metsulfuron combined with fall applications of
indaziflam continued to reduce plant densities. The third year following treatment, only springapplied 2,4-D combined with fall indaziflam reduced densities, with no treatments reducing
densities by the fourth year.
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Combining spring postemergence treatments with fall treatments with preemergence
activity appears to increase the effectiveness of both herbicides over time. In these combinations,
spring applications of 2,4-D appear to be more effective than fall applications, unless surrounding
desirable vegetation was dense. In this case, applications were more effective when applied in the
fall and surrounding vegetation was dormant
Introduction
Elongated mustard [Brassica elongata ssp. integrifolia (Boiss) Brestr.] may grow as a
winter annual, biennial, or as a simple perennial (Young et al. 2003a). The plant is deep rooted
and may grow up to 1 meter in height at maturity, displacing desirable vegetation of rangeland
and cultivated lands (Young et al. 2003a, CDA 2015). The various subspecies of B. elongata can
be found from Southeastern Europe through central Asia and are considered weedy even in their
native range, particularly in the East (Gómez-Campo 1999, Rollins 1980). Subspecies integrifolia
is found in the Eastern portion of the native range in Southern Russia, Ukraine and east through
the Republics of Central Asia in semi-arid habitats similar to sagebrush zones in the Great Basin
(Rollins 1980, Young et al. 2003a, Young et al. 2003b). It is distinguished from the western
subspecies elongata by leaf morphology; elongata leaves are deeply lobed to the mid vein and
integrifolia leaves are entire or nearly so (Rollins 1980, Young et al. 2003b).
It is unclear which subspecies composed the first North American population recorded in
ship ballast near Portland in 1911 as this population does not appear to have persisted (Rollins
1980, Young et al. 2003b). Thereafter, all recorded populations have belonged to the subspecies
integrifolia (Rollins 1980, Young et al. 2003b). Brassica elongata was next recorded in 1968
along US Highway 50 in Eureka County, Nevada, where it was misidentified as belonging to the
native genus Thelypodium until the 1980’s (Rollins 1980, Young et al. 2003a). How and when the
plant was introduced from its native Eurasian range to Nevada is unclear, though it has been
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proposed that camels used in silver mining during the mid-1800s may have acted as a vector for
transmission (Young et al. 2003a). According to the USDA PLANTS database it is now found in
Oregon, Nevada, and Colorado. EddmapS reports populations in Idaho, Utah, and Colorado.
Brassica elongata is often first observed growing on roadsides, as in the case of the initial
population along US Highway 50 and associated secondary roads in Nevada (Rollins 1980,
Young et al. 2003b). Populations appear in a range of environmental conditions, from elevations
of 1,846 m to 7,400 m and annual precipitation of 127 to152 mm to 305 to 356 mm (Young et al.
2003a, 2003b). Significant soil disturbance is not required for establishment as populations are
often associated with established stands of squirrel tail (Elymus elymoides [Raf.] Swezey),
rabbitbrush (Chrysothamnus sp.) and Sandberg bluegrass (Poa secunda J. Presl), as well as
invasive annual grasses (Young et al. 2003a, 2003b). It has been observed growing in pinyon
(Pinus monophyla Torr. & Frem.)/juniper [Juniperus osteosperma (Torr.) Little] woodlands
alongside mountain big sagebrush (Artemisia tridentata), as well as winterfat [Krascheninnikovia
lanata (Pursh) A. Meeuse & Smit] communities and black sagebrush (Artemisia nova A. nelson)
systems (Young et al. 2003a, 2003b).
Brassica elongata flowering occurs from late spring into summer, and even into fall with
sufficient moisture (Young et al. 2003a). Previously, invasive perennials of the Western U.S. such
as Canada thistle and perennial pepperweed have been found in areas of high moisture, but B.
elongata does not experience this limitation (Young et al. 2003a). Although plants have been
grown under greenhouse conditions from root fragments, growth was slow and failed to yield
flowering plants, suggesting that regrowth from root fragments is of minimal concern under field
conditions (Young et al. 2003a). Instead, plants appear to reproduce from seed, regrow from roots
of established plants, or form new rosettes from lateral roots (Young et al. 2003a). Compared to
creeping perennials, this vegetative growth is slow and not especially significant (Young et al.
2003a).
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Invasive species in semi-arid areas of the U.S. often succeed over native plant species by
germinating early at low temperatures and utilizing winter moisture (Young et al. 2003b).
Brassica elongata, however, does not appear to have the capacity to germinate at winter
temperatures. Though seeds have been observed germinating under temperatures ranging from 10
to 40° C, seeds were not observed germinating at temperatures below 5°C (Young et al. 2003b).
Brassica integrifolia has a significant rate of seed production, with 76 to 90%
germinating under ideal temperature conditions (Young et al. 2003a, 2003b). Seeds are dispersed
though wind, as dry bolts break at the base of the plant and tumble (Young et al. 2003a).
Shattered pods holding residual seeds may also be carried long distances by wind (Young et al.
2003a). There is no indication of wildlife utilization, and there is no indication of detrimental
impacts to grazing livestock (Young et al. 2003a). Brassica elongata does not appear to be selfcompatible, preventing individual seeds from colonizing a new area, but increasing genetic
variability in populations (Young et al. 2003b).
Although recognition of B. elongata as a problematic weed is increasing, there is little in
the scientific literature concerning management practices. No biocontrol agents are available
(CDA, 2015). While there is no indication of detrimental impacts to grazing animals, there is no
evidence of wildlife utilization (Young et al. 2003a). Burning is not recommended, as negative
impact risks outweigh potential benefits (CDA, 2015). Hand-weeding seedlings and established
plants is suggested when population sizes are small, but as seedbank longevity is unknown, it is
recommended to perform manual removal annually for a minimum of 10 years (CDA, 2015).
Researched chemical management options are likewise limited, although applications of
metsulfuron at 21 to 42 g of ai ha-1 in spring and early summer to rosette and bloom growth stages
have been recommended. Chlorsulfuron at 53 g of ai ha-1 is also recommended for rosettes and
actively bolting plants. The purpose of this study was to compare effects of a series of

88
preemergence and postemergence herbicides, timings, and combinations on B. elongata densities
over time to provide management options for areas with B. elongata infestations.
Materials and Methods
Site description. The first trial was established in the spring of 2017 at the top of Little
Mountain in Newton, Utah (41°54'01.6"N 111°57'51.0"W elevation of 1,663 m). The site is
located on a west-facing slope adjacent to a radio tower and maintenance road and was not
excluded from cattle grazing lands. The site could be described as degraded pasture, with sparse
cover of elongated mustard (Brassica elongata), dyers woad (Isatis tinctoria L.), common yarrow
(Achillea millefolium L.), sego lily (Calochortus nuttallii Torr. & A.Gray), and sheep fescue
(Festuca ovina L.). The soil is a silty clay loam with 2.4 % organic matter, 0.88 dS m-1, and low
levels of iron and sulfates (Table 4-1).
In Weston, Utah three sites were selected for the six 2020 trials on CRP land. The first
site was dominated by desirable perennial grasses including smooth brome (Bromus inermis
Leyss.), crested wheatgrass (Agropyron cristatum (L.) Gaertn.), and intermediate wheatgrass
(Thynopyrum intermedium (Host) Barkworth & D.R. Dewey) with essentially no desirable
broadleaf species present. Weedy species present included I. tinctoria, catchweed (Galium
aparine L.), Canada thistle (Cirsium arvense L.), prickly lettuce (Lactuca serriola L.), and
Western salsify (Tragopogon dubius Scop.). Two trials were established here, one on an eastfacing slope (42°01'01.5"N 111°59'21.9"W elevation of 1,481 m) and one on a west-facing slope
(42°00'59.8"N 111°59'32.0"W elevation of 1,492 m). Soils are a silty clay loam with 3.6 %
organic matter, 0.95 dS m-1, and low sulfate levels (Table 4-1)

Table 4-1. Comparison of soil characteristics between the study sites: Newton Hill and Weston Perennial Grass. Weston Hillside and Weston
Roadside soil samples were not collected.
Site
Newton Hill
2017 Trial
Weston Perennial Grass
2020 East and West Aspect Trials
Weston Hillside
2020 Spring and Fall Trials
Weston Roadside
2020 Spring and Fall Trials

Soil texture
Silty Clay
Loam
Silty Clay
Loam

Soil
pH

Organic
matter
%

Salinity
dS m-1

P

K

N

7.6

2.4

0.88

7.25

708

36.9

0.30

7.4

3.6

0.95

9.18

1,130

46.6

0.59

Z
Fe
-1_
mg kg

Cu

Mn

S

3.56

0.88

3.39

3.8

8.92

1.05

5.08

5.9

NA

_

NA

_
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The next two sites were located in areas seeded with a mix of perennial grasses and forbs,
including B. inermis, A. cristatum, T. intermedium, alfalfa (Medicago sativa L.), sanfoin
(Onobrychis viciifolia Scop.), small burnett (Sanguisorba minor Scop.), and flax (Linum
usitatissimum L.). Weedy species present included T. dubius, I. tinctoria, C. arvense, downy
brome (Bromus tectorum L.), and field bindweed (Convolvulus arvensis L.). Two trials were
created on a hillside, a fall trial (42°00'43.6"N 112°00'26.9"W elevation of 1,566 m, north aspect)
and a spring trial (42°00'37.3"N 112°00'19.2"W elevation of 1,569 m, northeast aspect). Two
more trials were established in a strip adjacent to a dirt road, a fall trial (41°59'53.7"N
112°01'50.0"W elevation of 1,527 m) and a spring trial (41°59'53.7"N 112°01'41.8"W elevation
of 1,541 m).
Treatments. At all locations, treatments were structured in a completely randomized
block design pattern and replicated four times. Plots were each 3 by 9 m. All treatments were
made with a CO2-pressurized backpack sprayer delivering a spray volume of 168 L ha-1 at 276
kPa. All treatments included 0.25 v/v non-ionic surfactant.
The treatments for the 2017 Newton trial and the two trials at the 2020 perennial grass
site were similar. The only differences were the addition of dicamba (Sterling Blue®, 480 g ai L1

, Winfield Solutions LLC, Shoreview, MN) in the 2017 trial and some differences in rates and

application timing combinations. The treatments consisted of chlorsulfuron (Telar® XP, 75% ai,
Bayer Environmental Science, Cary, NC), metsulfuron (Escort® XP, 60% ai, Bayer
Environmental Science, A Division of Bayer CropScience LP, 5000 Centre Green Way, Suite
400, Cary, North Carolina), 2,4-D (Alligare 2,4-D Amine, 455 g ae L-1, Alligare, LLC, Opelika,
AL), imazapic (Plateau®, 240 g ae ha-1 , BASF Corporation, 26 Davis Drive, Research Triangle
Park, North Carolina) and indaziflam (Esplanade®, 200 g L-1, Bayer Environmental Science, A
Division of Bayer CropScience LP, 5000 Centre Green Way, Suite 400, Cary, North Carolina).
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Fall applications of indaziflam combined with spring and fall applications of 2,4-D and
metsulfuron were also included, as well as 2,4-D at a high rate applied in the spring with a fall
application of imazapic. In all three trials, spring applications were made in June to rosettes,
bolting, and flowering plants with fall applications of imazapic and indaziflam performed in
November when plants were dormant rosettes.
The treatments for the 2020 spring and fall trials on the hillside and roadside were nearly
identical, with the fall trials including a treatment of glyphosate (Roundup PowerMax®, 540 g L1

, Monsanto Company, 800 N. Lindbergh Boulevard, St. Louis, Missouri) combined with

indaziflam. The remaining treatments consisted of imazamox (Raptor®, 119.8 g ae ha-1, BASF
Corporation, 26 Davis Drive, Research Triangle Park, NC), imazethapyr (Pursuit®, 240 g ai L-1,
BASF Corporation, 26 Davis Drive, Research Triangle Park, NC), and imazapic alone and in
combinations with indaziflam. Indaziflam was applied at a consistent rate across treatments while
a low and high rate were tested for the other herbicides in the combinations. The spring trials
were applied in June 2020 to rosettes and bolting plants with fall trials applied in November 2020
to dormant rosettes and before significant germination.
Data collection. In the 2017 Newton Hill trial, B. elongata densities were collected every
spring using 8.5 by 3 m frames. Densities were collected using the same frames for the 2020 trials
in the spring and fall following treatment and life stage of B. elongata plants recorded. All
densities were converted to plants m-2 for analysis. For the 2020 trials, percent cover data was
collected in July 2021 using line point intercept method every 15 cm to examine impacts on
desirable vegetation as well as weedy species (Elzinga et al 1998).
Data Analysis. Although certain trials included identical treatments, differences between
trials were significant and data was consequently analyzed by individual trial. Repeated measures
analysis was determined to be not useful as plant densities changed significantly between
assessments in response to drought (Figure 4-1, Figure 4-2). Data was instead analyzed in
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comparison to the untreated control at the time of assessment. Normality and homogeneity of
variance tests were conducted using one-way ANOVA in NCSS (NCSS 2021 Statistical
Software, 2021) and square root and arcsine transformations applied as needed. When
transformations did not improve normality or variance the raw data was analyzed by ANOVA
and means were separated by Fisher’s Protected LSD (p ≤ 0.05).
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Figure 4-1. Weather data from 2017 to 2022 for Weston trials (Preston weather station NOAA- ACIS)
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Figure 4-2. Weather data from 2017 to 2022 for Newton trial Trenton weather station, NOAA- ACIS).
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Results and Discussion
2017 Trial. Four months after the spring 2017 treatments, all densities decreased
compared to the untreated control. In the 2018 spring assessment, all treatments continued to
reduce densities except dicamba and indaziflam applied alone in the fall. The following spring,
the only treatments to reduce B. elongata densities were chlorsulfuron and those treatments with
spring-applied 2,4-D or metsulfuron combined with fall-applied imazapic or indaziflam. The
densities in plots treated with the 2,4-D and indaziflam combination applied in the fall were
highly variable were not lower than the control. The imazapic, 2,4-D, metsulfuron, indaziflam,
and dicamba alone failed to lower densities as well. In the spring 2020 assessment the only
combination resulting in lower densities than the untreated control was a treatment of springapplied 2,4-D followed by a fall application of indaziflam. In the spring of 2021, no treatments
were lower in densities than the untreated control. (Table 4-2)

Table 4-2. 2017 Newton Hill trial Brassica elongata densities over time in response to spring (June 2017) and fall (November 2017) treatments in
degraded rangeland site 4 months, 1 year, 2 years, 3 years, and 4 years after spring treatment.
Densitya
Fall 2017
Spring 2018
Spring 2019
Spring 2020 Spring 2021
Treatment
Rate
Timing
g ai ha-1

plants m-2

Untreated

---

Spring

1.02 a

1.96 ab

1.95 bc

1.07 a-c

0.56 ab

Dicamba

560

Spring

0.26 bc

3.00 a

2.99 a

1.25 ab

0.86 a

Chlorsulfuron

53

Spring

0.06 c

0.07 ef

0.18 ef

0.62 b-d

1.02 a

Metsulfuron

42

Spring

0.00 c

0.58 de

1.36 b-d

1.80 a

0.94 a

2,4-D High

2,129b

Spring

0.07 bc

0.18 d-f

1.07 c-e

1.12 a-c

0.80 a

2,4-D Low

b

1,064

Spring

0.17 bc

0.53 de

1.43 b-d

1.37 a

0.88 a

140

Spring

Imazapic
2,4-D Low + Imazapic
Metsulfuron + Indaziflam

0.01 c

0.71 d

1.41 b-d

1.15 ab

1.03 a

b

1,064 + 175

c

Spring + Fall

0.19 bc

0.04 f

0.07 f

0.49 cd

0.79 a

42 + 73

Spring + Fallc

0.26 bc

0.80 cd

0.94 d-f

0.62 b-d

0.18 b

c

2,4-D + Indaziflam

b

1,064 + 73

Spring +Fall

0.22 bc

0.41 de

0.71 d-f

0.48 d

0.19 b

2,4-D + Indaziflam

1,064b + 73

Fall + Fallc

---

1.54 bc

1.47 b-d

0.65 b-d

0.25 b

---

2.39 ab

2.27 ab

0.68 b-d

0.36 ab

0.0150

< 0.0001

< 0.0001

0.0060

0.0062

Indaziflam
P value

73

c

Fall

a

Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05).
2,4-D rates are given in g ae ha-1.
c
Rating was performed before fall applications were made
b
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2020 Perennial Grass Trials. In the east-facing and west-facing trials the spring
assessments showed a decrease in seedling, rosette, and total plant densities for all treatments
except indaziflam alone in the west-facing trial. In the fall assessment, only the east-facing
treatments carried significance, likely due to drought conditions impacting overall densities more
dramatically on the west-facing slope (Table 4-4, Figure 4-1). Seedling counts were low in the
fall, but seedlings did appear in moist areas within the plots and densities were lower for all
treatments in the east-facing trial (Table 4-3). Rosette counts were likewise lower for all
treatments with the exception of fall-applied 2,4-D combined with indaziflam applied in the fall
(Table 4-3). As in the 2017 trial, this treatment fails to reduce densities sooner than other
indaziflam combination treatments, including the 2,4-D applied in the spring with a fall
indaziflam application. Total B. elongata densities were lower in all treatments. Desirable
perennial grass and weedy species cover was not reduced in either trial at the July cover
assessment. However, all treatments reduced B. elongata cover (Table 4-5).

Table 4-3. 2020 East Aspect trial Brassica elongata densities in response to spring (June 2020) and fall (November 2020) treatments in perennial
grass dominated CRP land of Weston, ID. Densities collected May 2021 and November 2021.
Densitya
Spring Assessment
Fall Assessment
Treatment
Rate
Timing
Seedlings Rosettes
Total plants
Seedlings
Rosettes
Total plants
g ai ha-1

plants m-2

_

Untreated

---

Spring

22.83 a

1.84 a

24.66 a

0.76 a

2.88 a

3.64 a

Chlorsulfuron

53

Spring

2.02 b

0.02 bc

2.04 b

0.10 b

0.10 cd

0.19 b-d

Metsulfuron

42

Spring

0.19 b

0.00 c

0.19 b

0.02 b

0.06 d

0.08 cd

2,4-D Low

1,064b

Spring

3.32 b

0.22 bc

3.53 b

0.02 b

1.12 bc

1.14 bc

140

Spring

0.06 b

0.19 bc

0.25 b

0.02 b

0.13 cd

0.16 cd

42 + 73

Spring + Spring

0.01 b

0.00 c

0.01 b

0.01 b

0.06 d

0.07 cd

2,4-D + Indaziflam

b

1,064 + 73

Spring

0.00 b

0.19 bc

0.19 b

0.00 b

0.38 b-d

0.38 b-d

2,4-D High + Imazapic

2,129b + 140

Spring + Fall

0.02 b

0.04 bc

0.06 b

0.00 b

0.06 d

0.06 d

42 + 73

Spring + Fall

0.00 b

0.05 bc

0.05 b

0.00 b

0.44 b-d

0.44 b-d

2,4-D + Indaziflam

1,064b + 73

Spring + Fall

0.00b b

0.18 bc

0.18 b

0.01 b

0.42 b-d

0.43 cd

2,4-D + Indaziflam

b

1,064 + 73

Fall + Fall

0.01 b

0.42 b

0.43 b

0.13 b

1.39 ab

1.53 b

73

Fall

0.00 b

0.23 bc

0.23 b

0.02 b

0.47 b-d

0.49 b-d

Imazapic
Metsulfuron + Indaziflam

Metsulfuron + Indaziflam

Indaziflam

0.0193
0.0010
< 0.0001
< 0.0001
0.0022
0.0010
P value
Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05).
b
2,4-D rates are given in g ae ha-1.
a
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Table 4-4. West Aspect trial Brassica elongata plant densities in response to spring (June 2020) and fall (November 2020) treatments in perennial
grass dominated CRP land of Weston, ID. Densities collected May 2021 and November 2021.
Densitya
Spring assessment
Fall assessment
Treatment
Rate
Timing
Seedlings Rosettes
Total plants
Seedlings
Rosettes
Total plants
-2
_
g ai ha-1
plants m
Untreated

---

---

17.16 a

1.00 a

18.15 a

0.82

0.58

1.39

Chlorsulfuron

53

Spring

0.36 b

0.00 c

0.36 b

0.00

0.07

0.07

Metsulfuron

42

Spring

0.25 b

0.01 c

0.26 b

0.00

0.02

0.02

2,4-D Low

1,064 b

Spring

1.05 b

0.18 bc

1.23 b

0.00

0.10

0.10

140

Spring

0.13 b

0.25 bc

0.38 b

0.00

0.12

0.12

42 + 73

Spring + Spring

0.00 b

0.08 bc

0.08 b

0.00

0.16

0.16

Imazapic
Metsulfuron + Indaziflam

b

2,4-D + Indaziflam

1,064 + 73

Spring

0.00 b

0.02 c

0.02 b

0.00

0.04

0.04

2,4-D High + Imazapic

2,129 b + 140

Spring + Fall

0.01 b

0.00 c

0.01 b

0.00

0.12

0.12

42 + 73

Spring + Fall

0.00 b

0.00 c

0.00 b

0.00

0.01

0.01

2,4-D + Indaziflam

1,064 b + 73

Spring + Fall

0.01 b

0.10 bc

0.11 b

0.00

0.07

0.07

2,4-D + Indaziflam

b

1,064 + 73

Fall + Fall

0.00 b

0.26 bc

0.26 b

0.00

0.42

0.42

73

Fall

0.10 b

0.41 ab

0.50 b

0.00

0.53

0.53

Metsulfuron + Indaziflam

Indaziflam

0.0193
0.0085
0.0199
0.4671
0.2107
0.4551
P value
Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD (P ≤ 0.05).
b
2,4-D rates are given in g ae ha-1.
a
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Table 4-5. East Aspect and West Aspect trial canopy cover of species collected in June 2021 (1 year after spring and 7 months after fall
treatments) in perennial grass dominated CRP land of Weston, ID.
Vegetation covera
West facing trial
East facing trial
Treatment
Rate
Timing
B. elongata
Grass
Weeds
B. elongata
Grass
Weeds
_
%
g ai ha-1
Untreated
Spring
5.60 a
67.24
2.59
14.66 a
56.47
2.16
Chlorsulfuron

53

Spring

0.00 b

71.55

0.00

0.00 b

69.40

1.72

Metsulfuron

42

Spring

0.00 b

72.84

1.29

0.00 b

65.52

1.72

2,4-D Low

1,064b

Spring

0.86 b

77.59

0.86

2.16 b

65.09

9.91

140

Spring

1.29 b

66.81

1.72

1.29 b

41.38

15.09

42 + 73

Spring + Spring

0.43 b

66.81

3.02

0.00 b

55.60

0.00

2,4-D + Indaziflam

b

1,064 + 73

Spring

0.00 b

69.83

0.00

0.86 b

53.45

7.33

2,4-D High + Imazapic

2,129b +140

Spring+ Fall

0.00 b

65.09

0.00

0.43 b

62.07

0.00

42+73

Spring + Fall

0.00 b

67.67

3.88

1.29 b

65.09

4.31

2,4-D + Indaziflam

1,064b + 73

Spring + Fall

0.00 b

65.09

1.72

2.16 b

55.60

3.02

2,4-D + Indaziflam

b

1,064 + 73

Fall +Fall

0.00 b

62.93

2.16

1.72 b

69.40

6.03

73

Fall

0.43 b

63.79

0.00

1.72 b

49.57

2.16

Imazapic
Metsulfuron + Indaziflam

Metsulfuron + Indaziflam

Indaziflam

< 0.0001
0.9585
0.8092
0.0001
0.1023
P value
Means of the same column followed by overlapping letter ranges are not significantly different according to Fisher’s Protected
LSD (P ≤ 0.05).
b
2,4-D rates are given in g ae ha-1.

0.3007

a
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Hillside and Roadside Spring Trials. Percent cover data collected in July failed to find
any difference in B. elongata, desirable grass and broadleaves, or weedy species cover in all
treatments in all assessments. Brassica elongata densities also failed to show significance when
compared to the untreated at all assessment timings. (Table 4-6, Table 4-7, Table 4-8)

Table 4-6. Spring Roadside trial Brassica elongata plant densities in response to spring (June 2020) treatments mixed forb and perennial grass
CRP land of Weston, ID. Densities collected May 2021 and November 2021.
Densitya
Spring assessment
Fall assessment
Treatment
Rate
Timing Seedlings Rosettes
Total plants
Seedlings
Rosettes
Total plants
-1
_
g ai ha
plants m-2
Untreated

--b

---

1.48

1.02

2.50

0.00

2.04

2.04

Imazamox

53

Spring

0.00

0.65

0.65

0.00

0.86

0.86

Imazethapyr

105b

Spring

0.22

0.62

0.84

0.11

0.86

0.97

Imazapic

105

Spring

0.00

0.20

0.20

0.00

0.34

0.34

35b + 73

Spring

1.35

0.76

2.10

0.00

1.78

1.78

Imazamox + Indaziflam

b

Imazethapyr + Indaziflam

70 + 73

Spring

0.11

0.44

0.55

0.04

0.38

0.42

Imazapic + Indaziflam

70 + 73

Spring

0.05

0.71

0.76

0.02

0.59

0.61

b

Imazamox + Indaziflam

53 + 73

Spring

0.02

0.58

0.60

0.00

0.44

0.44

Imazethapyr + Indaziflam

105b + 73

Spring

1.08

1.03

2.11

0.00

1.02

1.02

Imazapic +Indaziflam

105 + 73

Spring

0.02

0.93

0.95

0.01

0.48

0.49

0.1647

0.1546

0.4441
0.5895
0.2571
0.4635
P value
No means within columns were significantly different according to Fisher’s Protected LSD (P ≤ 0.05).
b
Imazamox and imazethapyr rates are given in g ae ha-1.
a
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Table 4-7. Spring Hillside trial Brassica elongata plant densities in response to spring (June 2020) treatments in mixed forb and perennial grass
CRP land of Weston, ID. Densities collected May 2021 and November 2021.
Densitya
Spring assessment
Fall assessment
Total plants
Seedlings
Rosettes
Total plants
Treatment
Rate
Timing Seedlings Rosettes
g ai ha-1
-2
_
plants m
Untreated

---

Imazamox

53b

---

6.99

0.02

7.02

0.00

0.01

0.01

Spring

4.46

0.07

4.53

0.00

0.00

0.00

Imazethapyr

b

105

Spring

4.60

0.12

4.72

0.00

0.04

0.04

Imazapic

105

Spring

9.50

0.07

9.57

0.00

0.00

0.00

Imazamox + Indaziflam

b

35 + 73

Spring

0.00

0.01

0.01

0.05

0.00

0.05

Imazethapyr + Indaziflam

70b + 73

Spring

0.00

0.01

0.01

0.00

0.00

0.00

Imazapic + Indaziflam

70 + 73

Spring

0.00

0.02

0.02

0.00

0.01

0.01

Imazamox + Indaziflam

53b + 73

Spring

0.00

0.00

0.00

0.00

0.00

0.00

b

Imazethapyr + Indaziflam

105 + 73

Spring

0.00

0.01

0.01

0.00

0.05

0.05

Imazapic +Indaziflam

105 + 73

Spring

0.00

0.00

0.00

0.07

0.00

0.07

0.1828

0.5273

0.4219
0.2658
0.4123
0.4635
P value
No means within columns were significantly different according to Fisher’s Protected LSD (P ≤ 0.05).
b
Imazamox and imazethapyr rates are given in g ae ha-1.
a
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Table 4-8. Spring-applied trial canopy cover of species collected in June 2021 (1 year after treatment) in mixed forb and perennial grass CRP land
of Weston, ID.
Vegetation covera
Roadside site
Hillside site
Treatment
Rate
B. elongata Grass
Forbs
Weeds
B. elongata Grass
Forbs
Weeds
_
%
g ai ha-1
Untreated
13.36
17.24
33.62
8.19
0.00
5.17
70.26
9.91
53b

9.48

32.76

18.53

18.10

0.00

15.52

62.07

3.45

Imazethapyr

b

105

9.48

30.60

23.71

9.48

0.00

7.33

67.67

5.17

Imazapic

105

3.02

34.48

40.95

2.59

0.00

6.03

56.90

8.19

Imazamox + Indaziflam

b

35 + 73

11.21

14.66

45.69

9.48

0.00

1.29

62.50

12.93

Imazethapyr + Indaziflam

70b + 73

5.17

31.90

33.19

4.31

0.00

11.64

79.31

2.59

Imazapic + Indaziflam

70 + 73

5.60

24.14

45.69

4.74

0.00

1.72

56.47

12.07

Imazamox + Indaziflam

53b + 73

2.16

45.69

28.45

5.60

0.86

10.78

63.79

4.31

Imazamox

b

Imazethapyr + Indaziflam

105 + 73

10.78

24.57

33.62

1.29

0.00

6.90

70.69

9.05

Imazapic + Indaziflam

105 + 73

16.38

28.02

27.16

7.33

0.00

7.76

70.26

5.60

0.1521
0.1902
0.4670
0.7589
0.4635
0.0560
0.2223
0.2261
P value
Means of the same column followed by overlapping letter ranges are not significantly different according to Fisher’s Protected
LSD (P ≤ 0.05).
b
Imazamox and imazethapyr rates are given in g ae ha-1.
a
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Hillside and Roadside Fall Trials. In the spring assessment of the fall-applied trials, all
treatments significantly reduced seedling and total plant densities except imazamox alone in the
roadside trial. Rosette densities were reduced by all treatments except imazamox alone in the
roadside trial. Imazapic alone and all indaziflam treatments had the lowest densities. However,
differences in rosettes densities in the hillside trial were not significant. (Table 4-9, Table 4-10)
July vegetation cover assessments found that all indaziflam combinations and imazapic
alone significantly reduced B. elongata cover in the roadside trial, with a non-significant decrease
in cover for all treatments in the hillside trial. Desirable grass cover was found to be significantly
lower in treatments of imazamox alone, all low-rate herbicides combined with indaziflam, and in
imazapic at the high rate combined with indaziflam in the roadside trial. The hillside trial
exhibited a decrease in grass cover only for the high rate of imazapic combined with indaziflam,
with an increase in grass cover in the imazethapyr alone treatment. Weedy species cover was
significantly lower for all indaziflam-treated plots on the roadside and for all treatments on the
hillside. (Table 4-11)
In the fall assessment, no seedlings were observed in any plots. Rosette densities were
significantly lower for all treatments except imazamox alone in the roadside trial and glyphosate
combined with indaziflam in the hillside trial. (Table 4-9, Table 4-10)

Table 4-9. Fall Trial Roadside Brassica elongata plant densities in response to fall (November 2020) treatments in mixed forb and perennial grass
CRP land of Weston, ID. Densities collected May 2021 and November 2021.
Densitya
Spring assessment
Fall assessment
Treatment
Rate
Timing Seedlings Rosettes
Total plants
Seedlings
Rosettes
Total plants
-1
-2
_
g ai ha
plants m
Untreated
----13.70 a
16.37 a
16.37 a
0.00
5.25 a
5.25 a
Imazamox

53b

Fall

13.96 a

15.65 ab

15.65 a

0.00

3.48 ab

3.48 ab

Imazethapyr

105b

Fall

2.97 b

4.14 b

4.14 b

0.00

1.67 cd

1.67 cd

Imazapic

105

Fall

0.02 b

0.22 c

0.22 b

0.00

0.58 d

0.58 d

35b + 73

Fall

0.01 b

0.28 c

0.28 b

0.00

1.21 cd

1.21 cd

Imazamox + Indaziflam

b

Imazethapyr + Indaziflam

70 + 73

Fall

0.01 b

0.22 c

0.22 b

0.00

0.80 cd

0.80 cd

Imazapic + Indaziflam

70 + 73

Fall

0.00 b

0.35 c

0.35 b

0.00

1.42 cd

1.42 cd

b

Imazamox + Indaziflam

53 + 73

Fall

0.12 b

0.42 c

0.42 b

0.00

1.24 cd

1.24 cd

Imazethapyr + Indaziflam

105b + 73

Fall

0.01 b

0.18 c

0.18 b

0.00

0.56 d

0.56 d

Imazapic + Indaziflam

105 + 73

Fall

0.04 b

0.29 c

0.29 b

0.00

1.81 bc

1.81 bc

Glyphosate + Indaziflam

887 + 73

Fall

0.56 b

0.78 c

0.78 b

0.00

0.90 cd

0.90 cd

< 0.0001 < 0.0001
< 0.0001
-< 0.0001
< 0.0001
P value
Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected LSD
(P ≤ 0.05).
b
Imazamox and imazethapyr rates are given in g ae ha-1.
a
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Table 4-10. Fall Hillside trial Brassica elongata plant densities in response to fall (November 2020) treatments in mixed forb and perennial grass
CRP land of Weston, ID. Densities collected May 2021 and November 2021.
Densitya
Spring assessment
Fall assessment
Treatment
Rate
Timing Seedlings Rosettes Total plants Seedlings Rosettes
Total plants
g ai ha-1
plants m-2
Untreated
9.33 a
6.91
16.24 a
0.00
2.35 a
2.35 a
Imazamox

53b

Fall

1.65 b

0.71

2.35 b

0.00

0.65 bc

0.65 bc

Imazethapyr

b

105

Fall

2.51 b

1.06

3.57 b

0.00

0.62 bc

0.62 bc

Imazapic

105

Fall

0.46 b

0.94

1.39 b

0.00

0.91 b

0.91 bc

Imazamox + Indaziflam

b

35 + 73

Fall

0.00 b

0.43

0.43 b

0.00

0.78 bc

0.78 bc

Imazethapyr + Indaziflam

70b + 73

Fall

0.34 b

0.65

0.99 b

0.00

0.61 bc

0.61 bc

Imazapic + Indaziflam

70 + 73

Fall

0.01 b

0.10

0.11 b

0.00

0.32 c

0.32 c

Imazamox + Indaziflam

53b + 73

Fall

0.07 b

0.56

0.64 b

0.00

0.84 bc

0.84 bc

b

Imazethapyr + Indaziflam

105 + 73

Fall

0.12 b

0.59

0.71 b

0.00

0.64 bc

0.64 bc

Imazapic + Indaziflam

105 + 73

Fall

0.00 b

0.13

0.13 b

0.00

0.68 bc

0.68 bc

Glyphosate + Indaziflam

887 + 73

Fall

0.22 b

0.74

0.96 b

0.00

1.33 ab

1.33 b

P value
< 0.0001
0.2268
< 0.0001
-0.0328
0.0057
Means followed by overlapping letter ranges within columns are not significantly different according to Fisher’s Protected
LSD (P ≤ 0.05).
b
Imazamox and imazethapyr rates are given in g ae ha-1.
a
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Table 4-11. Fall-applied trial canopy cover of species collected in June 2021 (7 months after treatment) in mixed forb and perennial grass CRP
land of Weston, ID.
Vegetation covera
Fall roadside
Fall hillside
Treatment
Rate
Brassica elongata
Grass
Forbs
Weeds
Brassica elongata
Grass
Forbs
Weeds
-1
_
%
g ai ha
Untreated
19.40 a
15.52 a
21.55
36.64 a
15.09
12.93 b 35.34 bc 15.09 a
Imazamox

53b

12.50 a

4.74 b-d

25.00

28.02 ab

6.47

10.34 bc

56.03 a

6.47 b

Imazethapyr

105b

9.48 a

11.64 ab

22.41

27.59 ab

7.76

21.55 a

45.69 a-c

7.76 bc

Imazapic

105

0.86 b

10.78 a-c

15.09

29.74 ab

5.60

11.21 bc

33.62 c

5.60 bc

35b + 73

2.16 b

3.45 cd

24.57

9.91 d

3.45

14.22 ab

57.33 a

3.45 bc

Imazamox + Indaziflam

b

Imazethapyr + Indaziflam

70 + 73

0.86 b

7.76 b-d

22.41

3.88 d

1.72

10.78 bc

50.00 ab

1.72 c

Imazapic + Indaziflam

70 + 73

1.72 b

3.88 d

22.84

3.88 d

0.86

14.66 b

54.74 a

0.86 bc

b

Imazamox + Indaziflam

53 + 73

1.72 b

10.78 ab

29.31

2.59 d

5.17

11.64 bc

47.41 a-c

5.17 bc

Imazethapyr + Indaziflam

105b + 73

2.59 b

9.05 a-d

34.48

0.43 d

3.88

10.34 bc

50.00 ab

3.88 bc

Imazapic + Indaziflam

105 + 73

3.02 b

3.88 d

25.43

0.43 d

0.86

3.88 c

56.90 a

0.86 c

Glyphosate + Indaziflam

887 + 73

3.02 b

14.22 a

21.12

20.69 bc

7.76

9.48 bc

57.76 a

7.76 bc

0.7621

< 0.0001

0.0970

0.0366

0.0356

0.0107

P value

< 0.0001

0.0045

a

Means of the same column followed by overlapping letter ranges are not significantly different according to Fisher’s Protected
LSD (P ≤ 0.05).
b
Imazamox and imazethapyr rates are given in g ae ha-1.
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All trials. In 2021, the year when assessments were conducted for the 2020 trials and the
final assessment year for the Newton 2017 trial, was a year of low moisture and precipitation.
Consequently, a significant decrease in B. elongata densities was observed between the spring of
2020 and the spring of 2021. This may explain in part the lack of significance experienced in
some of the trials. (Figure 4-1, Figure 4-2)
However, it is notable that all density and cover data was found to be non-significant for
the spring application trials located in robust mixed forb and perennial grass communities. These
were found to have 33.62 to 70.26 % desirable broadleaf cover in the untreated control at the July
assessment (Table 4-8). At the time of application, these desirable broadleaf species ranged from
32 to 38 in height, possibly shielding B. elongata basal leaves from the herbicide application.
These same treatment combinations of imazamox, imazethapyr, imazapic, and indaziflam were
observed to significantly reduce densities when applied in the fall when desirable vegetation was
dormant. Visual assessments conducted 2 and 4 weeks following spring treatments observed
significant injury to desirable broadleaf species, although qualitative data was not collected.
Spring applications may be more effective if applied earlier in the season before flowering and
establishment of desirable broadleaf species. However, fall applications appear to be effective in
the year following treatment with these particular herbicides.
Application timing was important in one aspect for the perennial grass site and the 2017
Newton site. 2,4-D applied in the spring combined with a fall application of indaziflam was the
only treatment to maintain density reductions into the third year following treatment in the 2017
trial. However, 2,4-D applied in the fall and combined with a fall application of indaziflam was
the only indaziflam combination (aside from indaziflam alone) to fail to reduce densities in the
second year after treatment and thereafter (Table 4-2). In the fall assessment of the east-facing
perennial grass trial, the only treatment to fail to reduce rosette densities was, once again, the fall
2,4-D and indaziflam treatment (Table 4-3). As fall rosettes significantly contribute to rosettes
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and mature plants the following spring, it is likely that this treatment will also fail to reduce total
plant densities two years after treatment for this trial and possibly the west-facing trial. It is likely
that 2,4-D is more effective when applied to actively growing plants instead of green but dormant
fall rosettes.
Although applied in the spring, applications of 2,4-D at both rates failed to reduce
densities into the second year after treatment unless combined with fall applications of indaziflam
or imazapic. Spring applications of metsulfuron and imazapic also failed to maintain plant density
reduction into the second year after treatment unless combined with fall applications of
indaziflam or imazapic. In fact, the only postemergence herbicide applied alone to significantly
reduce B. elongata two years after treatment was chlorsulfuron. However, the fall treatment of
indaziflam alone never reduced densities and the spring treatment of imazapic alone only reduced
densities the first year after treatment in the 2017 trial. Indaziflam was effective in reducing
seedling, rosette, and overall plant densities in the first year following treatment in the east-facing
trial, but did not reduce rosette densities in the west-facing trial. It appears that combining spring
postemergence treatments with fall treatments with preemergence activity increases the
effectiveness of both treatments over time. Whether this effect extends to spring applications of
indaziflam with 2,4-D, metsulfuron, imazethapyr, imazamox, and imazapic remains to be seen in
future assessments of these treatments in the 2020 trials.
When any significance existed between treatments, almost all treatments reduced B.
elongata plant densities and cover the first year after treatment with several treatments extending
reduction over multiple years. Although more research and years of data are needed, it appears
that multiple chemical treatment options are available for the management of B. elongata in
rangelands and natural areas of the West.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
Garlic mustard (Alliaria petiolata), elongated mustard (Brassica elongata ssp.
integrifolia), and Sahara mustard (Brassica tournefortii) are invasive mustard species increasing
in distribution in Utah and in western states (Welsh et al. 1987, Nuzzo 1996, Young et al. 2003a,
Bangle et al. 2008, CDA 2012, EddmapS, 2022, USDA 2022). Although the three species are in
the same family, they have different life cycle patterns and invade different habitat types. Alliaria
petiolata is a biennial and invades forest understories (Anderson et al. 1996, Blossey et al. 2001).
Brassica tournefortii is a winter annual found in the Mojave and Sonoran deserts (Bangle et al.
2008, Abella et al. 2011, Berry et al. 2014). Brassica elongata can behave as an annual, biennial,
or simple perennial and is found in rangeland and agricultural lands (Young et al. 2003b). Both A.
petiolata and B. elongata have a limited history of chemical management research, while
postemergence applications have been explored for the management of B. tournefortii (Nuzzo
1991, Nuzzo 1996, Brooks et al. 2006, Marushia et al. 2010, DiTomaso et al. 2013, Berry et al.
2014). For all three species additional information on the impacts of selective herbicides,
application timing, and postemergence and preemergence herbicides is needed.
The purpose of this study was to examine differences between physical removal and a
range of chemical treatments and timings on invasive mustard densities and cover over time.
While three years of data were collected in trials for all three species, additional trials were
initiated and will yield additional information on management over time in years to come.
In the A. petiolata projects, field and greenhouse trials indicate approved rates of 2,4-D
for forest understory use are not effective in reducing A. petiolata cover or biomass, only
reducing cover in one trial two months after treatment. Indaziflam alone did not significantly
reduce cover until two years after treatment, but when combined with 2,4-D cover was often
reduced significantly. Glyphosate treatments were not significant by the second year following
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treatment. Metsulfuron combinations were nearly always significant up to two years after
treatment, with reductions of 83 to 100% cover in the year following treatment. Metsulfuron and
indaziflam combined with postemergence treatments were the most effective field treatments for
A. petiolata control over time, with greenhouse trial indicating promising results for triclopyr
applications.
Brassica tournefortii trials compared hand-weeding and postemergence and
preemergence treatment combinations. In the first 1 to 3 months after treatment, all treatments
significantly reduced B. tournefortii densities with the exception of hand-weeding in the 2017
trial. In the first year after treatment, all hand-weeded treatments were not significantly different
from the untreated in all trials while all treatment combinations of indaziflam or imazapic
continued to significantly reduce densities. In the second and third year after treatment all
indaziflam treatments remained significantly lower in density than untreated plots. In the fourth
year following treatment no significant reduction in density existed in any of the treatments
although a non-significant reduction in densities continued in plots treated with indaziflam.
Brassica tournefortii appears to be responsive to a range of postemergence and preemergence
herbicides and physical removal immediately following treatment, and indaziflam applications
may potentially reduce B. tournefortii populations up to three years following treatment.
In all B. elongata trials where significant differences existed, all treatments were
observed to significantly reduce B. elongata densities in the first year following treatment except
dicamba, and in some instances, imazamox or indaziflam alone. In the second year following
treatment, chlorsulfuron and spring-applied 2,4-D or metsulfuron combined with fall applications
of indaziflam were observed to maintain reductions of plant densities in the fall and spring. The
third year following treatment in the 2017 trial only spring-applied 2,4-D combined with fall
indaziflam reduced densities, with no treatments reducing densities by the fourth year. Combining
spring postemergence treatments with fall treatments with preemergence activity appears to
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increase the effectiveness of both herbicides over time. In these combinations, spring applications
of 2,4-D appear to be more effective than fall applications, while spring applications in dense
desirable vegetation were more effective when applied in the fall and surrounding vegetation was
dormant. Additional data collected at these sites in future years will increase understanding of
application timing and preemergence and postemergence long-term effects B. elongata.
As all three species rely on high rates of seed production and seedling recruitment for
population establishment, the preemergence herbicide indaziflam was included in all three
projects (Anderson et al. 1996, Blossey et al. 2001, Abd El-Gawad 2013, Young et al. 2003a).
For the winter annual B. tournefortii, indaziflam alone was highly effective. Indaziflam alone in
the management of A. petiolata and B. elongata was usually not effective in reducing overall
densities, although reduction of rosettes and seedlings was observed in some B. elongata trials
and some reduction in A. petiolata was observed 2 years after treatment. However, combinations
with herbicides such as metsulfuron and 2,4-D increased the effectiveness of these herbicides in
many cases.
These findings suggest that a range of treatment options are available for managing
invasive mustard populations for one year following treatment. Certain postemergence herbicides
such as metsulfuron and chlorsulfuron may reduce biennial and perennial mustard populations for
multiple years following treatment. The herbicide 2,4-D does not appear to have significant
impacts on invasive mustard populations, especially in the case of A. petiolata. However,
combining 2,4-D and other postemergence treatments with indaziflam and other herbicides with
preemergence activity may reduce densities for multiple years following treatment for biennial
and perennial mustards. Postemergence applications may be unnecessary in managing annual
mustards as indaziflam alone significantly reduces cover up to three years following treatment.
Environmental factors such as drought and density of surrounding vegetation may
influence treatment impacts in different areas. Additional years of data for these trials and
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additional studies are needed to examine management implications for these and additional
herbicides and management options. However, many options are indicated in these results for the
management of these three species in the State of Utah.
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